REINFORCED CONCRETE MEMBERS 
IN BENDING, SHEAR AND TORSION 


A THESIS 


V 

JUNE‘76 


Submitted to the faculty of the Department of Civil Engineering. 
Indian Institute of Technology, Kanpur 


III n V \ J 

CEN , , ■/ . l.t, '■ , ‘Y, \ 

1 Am iVo, | 

Q £~ — 

by 

KAILASH CHANDER AGGARWAL 


in partial fulfillment of the requirment of the Degree 
of Master of Technology 


March, 1968 

Indian Institute of Technology 

Kanpur, India 



A 




In this dissertation, a surrey of A ok to knew about ? 

(l) frlanatie plain ©mere to members subjected to pore torsion ant 
(ii) fislnforeed concrete naubom titt on without v«t winfesooamt in 
poo towi on# torsion combined with ttnilag on eeabinad bendirg* 
torsion and shear, 

is first presented* the behavioural oopeets of ambers tested If varieu* 
investigators on# oonparod with elastic, plostlo and intimate IqplllhrlsB 
theories to find the range of their validity* 

About tQO test-results conducted on the nltioako strength of 
1*0* neabert subjected to punt tor adorn* ooabdned bonding and tersloa 
ant toraion oonbined with bonding ud shear, by various roaoaasolww* aw 
compared with tessig’e 01 tin ate Iguilibrlun Bteoxy* Soaod on tfei* 
analysis a direct ultianto design nathod ban been auggoatad iaatoad 
of the usual trial and amor analysis of loostg* 

It io concluded that puna torsion and predominant torsional 

4 

non art loading eaa cause auddan fails roa, and alnoo the lltinato 
Btuililwitw Method, overestimates the eapaoity of auoh members, a 
capacity roftnotion factor of 0*8 is resoswandsd* Lessig'o analysis 
fails stum there is no vsb reinforcement* for members without sob 
rsinfowanant and subjected to ooabiaed loading, Hsu’s simplified 
interaction anvfboo and doalga eritoria ia promising* 
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In the r®infojjo®a concrete construction the phenomenon of torsion 
occurs quite frequently. In cone esses, torsion has so insignificant an 
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So vo encounter the necessity of desigaii^ reinforced concrete 
a embers subject to combined beading, torsion and shear* 

The revised Indian code of praetiee^^ does not contain a 
rational design method for specimens subjected to combined bending, torsion 
and shear. Several codes of practice, including that of India, Australia 
and America, are silent about the problem that arises out of the interaction 
between bending, torsion and shear} they just take Saint Venaat's elastic 
theory of torsion as the basis of design for torsion and recommend the 
design for torsion as a separate effect independent of bending and sheer} 
bat this is found untrue experimentally. It has beam found by tests that 
torsional capacity of a specimen subject to combined bending, torsion sad 
shear, is different from the one when torsion acts alone} the same is 
true for flexural and shear capacities. So that we juet can net take the 
effects due to these combined forces as separate and independent of each 
other. And, therefore, we can not just add the effeots due to these forces 
algebraically, as has been recommended in most of the codes of practices 
of different countries. 

In the ease of pure flexure, we have already accepted the 
“Ultimate Load Method” as a more rational design-method, because It is 
based on the actual behaviour of the specimens loaded and tested upte 
failure. By this approach, we are sure of the strength of the member and 
we have to guard against crack-formation at working loads. In the seam 
way, the 'Ultimate Equilibrium Method* is based on the actual behaviour 
of neahexs subject to combined bending, torsion and shear. As in ultimate 
load method for pure flexure, we design members based on strength. Then 
such members have to be provided against exoessive eraok-formation at 
working loads. Both thess aspects of design - strength and crash control - 


o 


nre elaborately covered by the ’Ultimate Equilibrium Method’ and this method 
has been incorporated in the new Basal an oode^^. 

1 .2 OBJECT JUU SCOPE * 

The object of this thesis is to develop a design method for a 
reinforced concrete beams subjected to coabined bending, shear and torsion, 
based on ultimate load considerations. Towards the above.. said end, the 
behaviour of plain and reinforced concrete members subject to pure 
torsion, must be first understood. So Sections 2 through 4 of this 
thesis deal with a review of the latest information available on plain 
and reinforced members subject to pure torsion. Section 5 ie concerned 
with R ,C . members subjected to combined bending and torsion. Section 6, 
which ie the final objective of this work, la concerned with developing a 
design method for reinforced concrete members subject to combined bending, 
shear and torsion based en the ultimate equilibrium approach. Suggested 
de sign-pr oc edu re ie given and a design example h&a been ftilly worked out 
aa en illustration for the design steps suggested. The correctness of the 
ultimate equilibrium analysis has been shown to be good when the 
theoretical and experimental results axe compared (Table Foe. 1 -9? PP ' )• 
In the middle of the progress of the research, a book on Reinforced and 
Prestressed Concrete in Torsion, written by Cowan'* c sms to the 

attention of the author. This book covers the woric upto 1964 and gives 
an exhaustive information en behaviour and strength of members. Codes 
of Practice in various countries and an extensive bibliography. Also a 
chapter en Ultimate Equilibrium Method written by I.M. Lyalin covering 
significant Basal an research on the above topic. This thesis, therefore, 
emphasises the research done after 1964 by research workers such as 
T.C. Hsu, Buohsaan, Geound, S&zkar and Evans, Geode and lelmy, 
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Yijayarsngan and K.T.S. Iyenger,O.S. Pandit, Warawek and Marayanswaay 
etc* Their experimental results are compared with the Hltinate 
Equilibrium Method and significant advance in the knowledge of behaviour 
under c cabined bending, torsion and shear is critically reviewed* 

It has sene to the notice of the author that tha Symposium on 
Torsion was held hy American Concrete Institute in 1966, the proceedings 
of which were not available at the tine of writ tag the dissertation. 
However abstracts ef the papers in the Synposian are given in Reference 
47* The following ere the papers read at the Symposium t 

(1) Review of Activities of Committee 43®, Toraion . . . . 

....... ..C.P. Fisher 

(2) Is pec 1 8 of Torsion in Cone rets Design ........... K.G. Tamberg 

and R.A. Shoolbred. 

(5) A Look at the Development of Torsion Theories of Structural 
Conorete ......... P.Z. Sis. 

(4) Behaviour of Concrete Members Subject to Torsion 

T.T.C . Hsu and E.L. Kemp. 

(5) How to Design for ^ottics A.H. Mattock 

Hsu' s work has been extensively referred in the dissertation 
(References t 95 • 5®)* Reap* a previous work is aim referred (Ref *37) 
in the thesis. 
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a 1 - distance from the horiscntal face of the member to the axis of the 
longitudinal bars near this edge. 

a» • distance from the vertical face of the member to the axis of the 
longitudinal bars near this face 

AB «* neutral axis for the design of the three dimensional section 
in ultimate equilibrium method 

b » width of tide rectangular section 

V ■ width of the enclosed concrete section within the rectangular 
stirrups 

C m torsional rigidity 

Projections of the neutral Axis 

P m plastic stress function 

t 1 ■ total cross-sectional area of all longitudinal reinforcement 

8 near the flextural tension face of the section of width*** 

P^ m the same near each of the faces of depth *h* 

f£ « compressive cylinder strength of concrete 

f • nodulous of rupture for plain concrete 

XT 

f 1 « cross-sectional area of one transverse bar near the side of 
® t#1 width *b* 

f . n m the same near the faces of depth *h* 

* 

f . * cross-sectional area of the spiral wire 

st.p 

f. m tensile strength of concrete 

t 

0 m nodulous of rigidity of concrete 

h • depth of the rectangular section 

h m effective depth of the section 

o 

h* *» depth of the concrete section enclosed within the rectangular 
stirrups 

t m ratio of applied torque to applied bending moment 
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length of the beam 

applied bonding moment 

applied shear force at the section 

design strength of concrete in compression due to bending 
applied torque 

plastic torsional resistance of the section 

ultimate torsional resistance of plane concrete section 

spacing of the transverse bars (respectively near die faces 
of width *b* and depth *h* ) 

pitch of the spiral reinforcement 

volume under the sand-heap 

a constant in finite difference method 

depth of neutral axis according to first failure soheme 

depth of the neutral axis according to second failure scheme 

rectangular coordinates of a point 

shearing strain 

rotation or twist angle per unit length 

total rotation angle in a length 1 unite 

ultimate angle of rotation for plain concrete 

design strength of longitudinal tension reinforcement 

design resistance of longitudinal compression reinforcement 

design resistance of transverse reinforcement 
yield stress of spiral reinforcement 

torsi >nal shear stress 

x-component of the torsional shear stress 
y-eomponent of the torsional shear stress 
a constant in elastic theory of torsion 
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wmm 2 • mxsmnc mm cqscbete smwms s&bjecteb so 

wfruwr lii imt til tiMi 

TO® foasioi 

2*1 BSSJCnOUl t 

2*1 .1 COSTUt-CSOSB-SSCTI?3l?S (TOf MS, CIBCULI® ) « - 

The experimental Investigation of Hi* bohwrlour of plain eoncrete 
reported by various investigators^*^*^ How* wit tout exaeption, 
that * spedaen with a convex orosa-aeetiGm Sails as soon as the first 
enek is formed* the failure is sudden* destructive Mi without 
warning* fhs behaviour apt® failure Is characterised by ssall 
detrusions and little evidence of distress la His concrete until Hi* 
first eraek develops and tbs epeoisen fails* The torque -twist curve* 
for plain sped sens, where reported in the literature Shoe a nearly 
linear relationship between torque and tbs angle of twist apt* 
approximately gfj4 of tbs torsional capacity of the speeiaan* Before 
failure sufficient in-el aatio stress redistribution eoours to Sanaa 
tha torque-twist eurves to saxva slightly Just prior to failure* 

2*1*2 COHC AY2X-S3CTI0HS( T f t, I WflOKf > I* 

Z1<| (6Q) 

has Shown Hist Ho first wrack* in oonssve ssotions 
oseurs in Hie weh but He spesiaan sontimea to carry testae* 91* 
failure does not take pises until the ersoks propagate through His 
fl sages | He eraeks occurring at 45 # to Hi longitudinal axis of He 
baas* 

2.1.5 PLASTIC K®E1S (RBGf*, C3tOFU&» *J© T-SECKO*)^ i- 

Buchanan (54) tested esperianstalljr, three slrealar plaatio 
sodel heans to sbtsia torque-twist surra and He reaulta sf his 
sxpsrinents sss disousssft In His sub-eeotioa* The tests wars conducted 
on ssdsls nade froa Bltracal-50 Plaster. fha nix consisted of the 
following proportions *- 



tfltreeal - JO 

Feterdl strg sand (pas slag 
ft # 30 sieve) 

Crushed limestone 

(passing ft £* sieve) 

T«t»f 


4# by might 
SWjC of dry might 

4$C « * * 

35?i of ttitraoai-50 by 

•Sight 


the proportions of sand sad liaestone were chosen to provide ooaap»sadro 
stresa-etrain properties of the hardened plaster that vers nearly 
ldeatloal to the compressive stress-strain properties expected far the 
oonorete prototype* Theoretical tor^ae-tviat {9*0, ) serves waro 
sslsulftted by the method ef finite differenses for these three beans sad 
were found to be in good agreement with the expsrlseatal serves* One 
of the three (T - 0,) entree ae obtained by Bushman Is db am (fig* 2«t) 
4 rectangular bean was tested to obtain (f * 9, ) data* A 
thooretleal (f - 9, ) curve based on an asaoaed plastie distribation of 
stress fare good sgreeaaat with the experimental data (Figs* 2*2* 2*5) • 
Also using atrain-bardening property of the plastie used* 
tbs theeretiesl (f * 0, ) serves for the strain-hardened stress distri- 
bution gars good agreoaent with the experiments! data (Figs* 2*2, 2«4)« 
fhe experimental (f » 0, ) serves for circular, rectangular 
and f-seetloa plastie nodol beans ss obtained by Bachman are Shown* 

All of them oarvee show that (T - 0, ) ourve is a non-linear earns 
(Figs* 2.1, 2.2* 2*5). 

2 *2 8TBE88TI •- 

In developing tits analytical method for predicting the 
failure of n olronlar or ft noo-airouler psianfttiobero* the IbUowisg 
approaches hare bean used t 

(l) Has tie theory too to Saint Tenant with lash* a approximation 
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PIG* 2 .4 Strain-hardened 


Plots of SttyNfip ifipifi f *r Gi* Quadrant of tH# 

aectur%ni I &r sm-ss-seSstion. 
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(iii) Plastic theory 

(iv) Ion-line ar stress-strain curve of concrete 

(v) Hsn*s Bending theory 

*# shall discuss the various theories quoted above. 

2 .2 .1 ELASTIC THEORY BITE BACH’S APEROXIMATIOM^ 17 * *- 

It can be shown that in a bean subjected to jure torsion, the 

principal stresses occur at angles of 45* v.r.t. the centre-line of 

twist and both the principal tensile and compressive stresses are equal 

in magnitude to the torsional shearing stress at any given point in the 

aeaber. Since tin maximum tensile stress is less then the maxima 

shearing stress for plain concrete, one would expect a plain concrete 

bean subjected to jure torsion, to fail in tension when the applied 

torque produces a tensile stress equal to the ultimate tensile stress 

for concrete. This predicted phenomenon was observed in all the 

experiments on specimens with concave cross-sections by various 

investigators^ 1,7 ’ 8,9,1 °’ 16 * 57 ^ The greatest difficulty in predicting 

the ultimate torque of any section is encountered in determining the 

ultimate tensile stress of concrete. Relationship between torsional 

shearing stress end concrete strength for plain specimens according to 

elastic end plastic theory are shorn by £emp^ 57 ^(?ig. 2.6). The full 

line represents the equation f ^ * 4 Jf^ and the dotted line f^ • 5*5 

where f . and f ’ are respectively the tensile and compressive cylinder 
t c 

strengths of concrete. 

REMARKS i- 

niilc the elastio theory gives the correct torsional resistmce 
moments at working loads, it does not give the correct value for the 
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maximum shear stress* A re-entrant corner results In high stress over 
s snail arts near the corner even at low loads* Sims the elastic theory 
Is based on the assumption that stress is proportional to strain* the 
theory leads to the conclusion that at moderate loads* the maximum 
torsional shear stress is far beyond the ultimate strength of the 
material • for a T- section with a perfectly sharp re-entrant corner 
the elastic theory predicts infinitely high torsional shear stresses at 
the comer at the lowest loads} the shear stresses at a rounded re- 
entrant comer depend on the radius of curvature of the comer* In 
practice these high stresses ere not realised because materials cease 
to behave elastically at wary high stresses* In the ease of the 
concrete* which does not yield plastically* them is nevertheless a 
substantial redistribution of stress. 

An accurate formula for the torsional strength must therefore 
allow for the relatively low values of Sis ratio h/b for the web of the 
concrete section* for the junction-effect between the component 
reo tangles and for the redistribution of stress at the re-entrant comers. 
Hare h - depth of the rectangular section } 
and b • breadth of the rectangular section* 

for specimens with convex-sections, consistent results can be 
expected from elastic theory with suitable adjustment of the load 
factors used for design purposes. The elastic method when applied to 
spsoimsns with concave cross-sections, such as T and I sections* predicts 
strengths which bear little relationship to experimentally measured values * 


2.2.2 SHUT FMT’S ELASTIC TH"OBY TAgU*3 IBTQ ACC DOST TBK JHW3TKW 

w „^ t (46,4S0 (Ii lan4 j ,„ tUM) 

fen approximate method to determine the torsional rigidity* 
has ham given by Bach for T, I and L saetlon by using narrow-rec targle 
formula and the torsional rigidity of th# saetlon is appro xiastaly 
given by the ana of the torsional rigidities of these component 
root angles framing the section. The formula thus obtained gives 
good results when the breadth of the rectangles forming the section 
is very small when compared to their depth* Bat in concrete structures, 
this assumption is rarely satisfied. 

To take into account the Junction-effect, K.T.S. lyenger^ 49 ^ 
has evolved a rigor <.u e method in which continuity conditions for the 
elastic stress functions axe used at the Junction of the two component 
rectangles framing the T or L section. For example, a T-section 
consists of two rectangles i.e. a flange-rec tangle and a web rectangle 
and we name the stress function respectively for these two component 
rectangles as 4* 1 and 1 2 • Than using Saint Tana id* s theory of 
elastic torsion, in addition to boundary conditions on those component 
stress Amotions, ws have the continuity conditions as i 

m end'll • at the Junction. 

~d y ~dy 

Here (x,y) arc the rectangular co-ordinates of a point of the cross- 
section. Then a solution using Fourier’s series is obtained for this 
stress function 7^ of the whole section using these two above- said 
additional conditions. 



MSCUSSIOSi *- 

The discrepancy which creeps in while using narrow rectangular 
formula for T, I and L section is quite appreciable when ooapared with 
the solution obtained by the above-said rigorous analysis* For 
comparison, we give below the difference between the exset and the 
approximate analysis, as reported by Iyenger^) : 

T-SBCTIIS * (fig. 2.7 ) 

The torsional rigidity »C* of tfc e T-seetion ia given tjr * 
c *f //V i 4x dy + f _//V2 dx dy 

Quantity Exact Analysis Bach's approx. $sge error 

~r 20*702 24.167 16*7 

at 4 

Z aax 2.345 2.500 6.7 

G 0 t 

Here the particular T-section dimensions taken are t 

B - 5t | B 1 -iB * h - 4t 
9 m angle of twist per unit length 
C « torsional rigidity defined as -r-|- 
T » applied torque 

z 

maximum * maximum torsional shear stress 

“f 3 1 - elastic stress-function for the region (1) 
shown in the figure (2.7) 

f 2 - elastic stress-function for the region ( 2 ) 
shown in the figure (2.7) 

t * thickness of die flange 

1 * half flange-width 

*i ■ «*-*-“* 





etc* 




h « depth of the web between bottom of title flange 
and bottom face of the web* 

0 * aodolous of Elasticity in shear. 

I - SECTI?* *- 

Similarly for I section, eompariaon of the resalt is given 
beloi for the quantity JL. (Pig* 2.8) 

Two oases are considered * (i) d « bgt « 2 * 2c 1 t bg ■ 50g 

and (ii)d » bg| ©g » 2©^ i bg -10c 2 

H EI “‘ **™ 

5 4.075 3M1 to 

10 7-529 7417 1.5 

Here d • half of the over-all depth of the section 

b 1 » depth of web between bottom of the top flange 
and top of the bottom flange 

c^ * thickness of the web 
°2 * ,hlokn,B * ° f th * n “ e " 

L - SECTION *• (Fig. 2.9) Comparison of the Results for the quantity 
C/Gc^ is given below j two eases are taken t 
(i) b • d # a » e, b - 5c 

(ii) b m d, a * c, b -10o 

Exact analysis Rarro w Rectangular formula $ age error 


5 


84 


10 


5475 

6405 


5.000 

6.555 


1*12 



,-U 


Here % » total depth of the vertical lag} a * width of the vertical leg} 

d m total width of the horizontal leg* e » depth of the horizontal lei} 

2.2.5 PLiTTlC TH'ORf ^ 15 * 14 *15) 

Any prismatic bar undergoes plastic deformation in certain 

parts of its cross-section when it is twisted severely. An idealised 

stress-strain diagram with a Hat plateau may he assumed and cue long aa 

the shearing strains remain quite small, the states of stress in the 

her subjected to pure torsion are taken as states of simple shear only* 

The state of simple sheer has two components Z and r whose 

%% ^ y% 

resultants has a constant value/ in those parts of the cross- section 
where the plastic state of stress exists. Therefore, by the condition 
of plastiolty, X x% ani / should satisfy * 

zl* * “ / - constant 

and also * . + JlIjZL n 

dy 

Here t » x-component of the torsional shear stress 
and X. m y- oomponent of the torsional shear stress. 

w ** 

This equation la satisfied by putting £ * and * --—2 where 

o y d® 'd % 

T(xff) is the plastic stress function of the cross-eeetion. 

So «e get * 

c H > J * > 2 - 

or / grad f / m P » constant slope and hence the sand - heap analogy. 

null. »..t. toe e.Ho«. u.l w . 

Heap analogy are given below i- (The have been obtained by Iyenger) 


l 
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If - SUTI )SJ * (Fig t 2.7) 


| l’ ♦ B‘ (P * 2 » t )W». 2||- ♦ j-(B 


f*3 


where Y * volume under the sand-heap. 



and V * 2 T where V * Plastic torsional capacity 
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STOTI 1 i (Fig.* 2.9) 


3 2 

a 


T + T - »> * 4 * (* 


T . - 2 Y 
pi 

S'XJTICW * (Fig. * 2.8) 

Y - 2jLp + / (t 2 - c 2 ) 




v - 2 ? * 

HKCTANCHILA'R SFCTECi 

Y - | b 2 (h -1/3 b)f 
f pl .2Y. 

discuss nu * 

The experimental evidence due to Hylander^’ ^ suggests 
that plastic theory of torsion can be applied to concrete T and L-beama. 
This result a in such simpler formulae end in sons economy of Hie 
material* 

2.2.4 JflB-LIlilSAR SfR^S-STSATH CUHVE OF C0HCHL7F i 

The following analysis is due to 8.R. Buchanan^ ^ . Sue to 
the warping of the non-circular cross- sect ions, the strain variation 
would not necessarily be linear. Also stress and strain does not have 





a linear relationship and the shearing nodulous G in the Poisson* s 
equation for torsion i.e. 


"" 2 " r ♦ r " ri "" n r r 11 ' r “ * - 2 G -r- share f • elastic torsional stress- 

hx 1 ) y h 

function and 6, • total angle of twist in a length L, 

Is not a constant hut varies aa the stress changes. So 0 la assumed a 
function of co-ordinates location and *e get instead of the shoes, ths 
following equation t 

^2 2)2 <jt> 6* 

rr + ~s •<**> 

7>x ^y 

This equation is then solved by the nethod of Finite Differences, i.e. 

j+1 + ^i.J-t + ^i+1,j + ^i-1,4 “ W 

6 A 2 

where f m -2-~ 0(x,y) h (Pig. 2.10) 
and h * di stenoe between grid-points. 


A difference equation la written for each grid point resulting in a 
ays tea of *n* equations in > n* unknows. The constant W is calculated 
for each grid point and the resulting equations axe solved to obtain ths 
stress-fhnotion by inverting the matrix of the coefficients and 
multiplying by the solution vector off-values. 

3 


Sow, 


Z 


xs 


v y 


and 


n 


'dx 


Therefor® to get the component shearing stresses, it la necessary to 
differentiate the stress-function obtained above for each grid point. 
This is done numerically by using difference- tables and interpolation 













formulae. After determining the stresses is both directions at each 
grid point* the resultant shear stress at each point is calculated as > 


t - Jcr») J + (V 2 

The relationship between shearing aodulous and bearing stress is 
obtained from the experimental relationship between torque end rotation 
for a circular beam. The shearing stress t Is approximately given 
by i 

r .-V 1 - 

J 

where T » The applied torque 

r « The radius of the test specimen 

J m The polar moment of Inertia of the test specimen and 
the shearing strain is given by t 
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Then 8 * slope of the (T curve. The slope of shear stress-shear 
strain (T- t ) curve la plotted against the shearing stress* The method 
of least squares is used to obtain an equation for # as a function 
of Z froa the experimental data. The first derivative gives tbs 
desired relation between 8(x t 'y) and Z . 

The anslytloal process for determining the torque - capacity stress- 
distribution* and theoretical torque-rotation (T - eurve for eeoh 
beam is done as givsn below t 

(l) A suitable finite-difference grid la chosen for the beam 

o rose-sect ion. The difference equation is written for each 
grid-point and the matrix of coefficient# inverted* 
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(ii) A very small value for rotation ^ ii assumed, (say 1 x ICT* 
radian*) and a large value for shearing nodulous *0* la 

g 

assumed, (say 2 x 10 p.s. i.) and for this initial value 
of *0* , it is assumed independent of the co-ordinate 
- location of the point (x,y) to start with. 

(ill) ** is evaluated and then atresa-funetion i> is found for 
each grid-point. 

(iv) The shearing stress at each grid point is then calculated. 

(v) Shearing nodulous is found corresponding to the shove 

calculated shearing-stress, £" , from the shear nodulous- 

torsional shear stress (Q • T ) curve. 

(vi) 9^ is then increased by a snail amount and a new W is found 
based upon new 9^ and the above calculated *0* and a new 
value of stress-fhno i ion, f’ obtained. 

(vii) Steps (iv to vi) are then repeated until a Uniting 
experimental value of rotation is attained. 

(viil) The torque is calculated after every five inereneats 
of rotation fron * T - 2 fit**- 
These calculations yield a plot of (f - $j) as well as the stress 
distribution over the cross-section at increasing increments of 
relation. We give below the results of the application of the shove 
theory for different shapes of cross-section. 

CIRCOUR 8EAW5 *- (Buchanan's Tests Ref. 54) s 

Three circular beans 0-1 , C-2 and C-J (All plaster nods Is) 
were tested in purs tear a ion to obtain expsrinoital (¥ - #,) data. 
Shearing stress aid shearing strain curves were computed from the 





experimental (f - 6 ^) curves (Fig.i 2.1) 

S <XJTAKGITL AR BIA3S t- (Buchanan's Tests Eef. 54) * 

One rectangular specimen 1** x 2g* was tested in purs torsion. 
The experimental (T - 6 ^) curves are show (Fig. * 2.2) 

For the analytical solution the oroas*seetion was divided 
in half abut its vertical axis of symmetry. l/8 M grid was used 
(Fig, * 2.11) 

The (T - 6 ^) curve and stress distribution for the 
rectangular team were confuted using two different ultimate stress 
die trihut ion theories t 

(a) It was assumed that the shear stress would reash a plastic 
condition and ) 

(b) it was assumed that the stresses would redistribute in a 
predetermined strain hardened manner (Figs.t 2.5, 2.4) 

f - BBMS * - (Buchanan's Tests Hef. 54) * 

One T - shaped specimen as shown, was tested in pare torsion 
to obtain experimentally (T • 6 ^) data. The experimental (f • 
curve is shown (Fig, 2.5) 

For the theoretical solution the cross-sect ion was divided, in half 
about its vertical axis of symmetry and l/S* grid warn meed .(Fig, t 2.12) 
Two stress distributions were obtained by assuming both a 
plastic stress distribution and a strain - hardening stress distribution, 
(Figs.t 2.15, 2.14) 

DISCUSS! » t- 

Buchanan computed (T - 6 ^) curves for ths rectangular and T-be&ms 
and compared eitti existing data^ 8 ’ 1 *’ 18 ^ in the literature. The 



FIG. 2.13 1 l-"t ui 
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comparison has tern ehown (Figs.* 2.15* 2.16) 

Previous inves tigators^ 1 3 » M » 5 3 ) k ave auggaatad that a 
material such as structural concrete exhibits a plastic stress 
distribution near failure. It appears that a strain - hardened stress 
distribution would be norm reasonable for a material that does not 
hare a plastic plateau on its stress-strain curve. There appears to 
be very little difference in the computed torque capacity for either 
ultimate stress distribution theory. This possibly sxplains why 
torque capacity prediction-equations based upon the assumption of 
plastic stress distribution have given satisfactory results in ths 
past. 

2.2.5 HSU'S TffiSORT »^57»58) 

Hsu found experimentally that plain concrete beams subjected 
to pure torsion actually fail by bending . Based on this bending 
mechanism of torsional failure a new failure theory was established. 
This theory is based on the contention that failure is reached when 
the tensile stresses Induced by a 45* bending component of torque on 
the wider face of the rectangular section reaches a reduced nodulous 
of rupturs (Fig. t 2.1?) 

Expressing this in mathematical terns* ths ultimate torque* 
T , (in pound-inch) is given by * 

** w 

o 

* b b , 

- — (0 - 85 

where f • ultimate torque capacity of plain concrete specimen 
up 

b » breadth of the rectangular section 
h - depth of the rectangular section 
f m nodulous of rupturs of concrete. 

TC 











mn 


bdi'Hrg OompopvC^ i 

C :;mpbnent(T t ;; on" » B**a 





(57 50 ) 

This equation was cheeked by Hsu' * J ' at the Portland Cement 
Association Laboratories, Chicago, by conducting tests on 10 beams 
with various cross- section. The degree of agreement that was found 
is indicated by the fact that the ratios of test to calculated torque 
varied from 0,94 to 1.06 with an average of 1.01 . 

The above equation, in teres of f^, the concrete cylinder 
strength, was given by Hsu as 


T - 6(b 2 ♦ 10) h 5 ft[ - ~ for b >4* t 

up N 0 

where f’ is ths ooapreaslve cylinder strength of concrete. This 

0 

expression was compared with 55 beams reported by eight groups of 
authors^ 2 *4»1°> 1 5, IB, 26,60 ) ^ WM found to be in good agreement by Hsu 
with the test results* 


The angle of twist 




in degree/ inch was found to 


be 1 Q . 


up 


0.025 

m m+mrnmmm 

JW 


jo 

b 2 


and stiffness 




where 9 « angle of twist per unit length for plain concrete 

specimen at failure. 

T AND L-SLCTICNS t The following observations have been made by Hsu : - 
Although beams of T and L sections subjected to pure torsion 
also fail by bending the failure torque la very difficult to calculate 
based on bending mechanism. For design purposes it la convenient to 
divide a T or L section into stem and flange sections each of which 
is rectangular. The strength of the entire section of the beam la 
taken as ths sine of the strengths of stem and flazges calculated by the 
above equation. This results in the following expression 1 
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Two categories of theorieg for calculating the torsional 
strength of « plain concrete rectangular Warn here been proposed# 

Them cm fee elastic theory *»* th« plastic feaeagr* 2ft elastic theory, 
•tresses in a beast axe distributed according to Saint Tenant* a theory* 
In plastic theory, concrete la aasuaei to he a plastic Material* These 
theory eaploy the Su rinam tensile stress theory to predict the fdP are 
torque of a been* In Hrit ocso it 1» as eased that failure occurs 
shea the nndnca principal tonsil* atreaa bee ones equal to the tensile 
strength of the concrete. 

Ill those theories are lose than satisfactory. The elastic 
theory greatly nnder-esti natee the torsional strength of a rectangular 
bean* The sand-heap analogy although able to account roughly for the 
excessive strength la theoretically unsound because concrete la Ttmm 
to ham little plastic behaviour, especially in tension. 

Them difficulties indicate that the aaxisun tensile stress 
assaaptien vhieh is the basis of the above-said thaeriea, f yy fry 
incorrect, as observed by lea* Therefore, the basic asohanisn of 
failure re-e»aa lined under bedding theory by San la proatslnf and store 
research is needed in title direction* 



3. RSOT 3RCB CrHCHTTE ITWuRS TITO EITOKR TRAHSV' BSK OH WHGITOBim 

Ks.ispoRC«®f nr pubs tobsioh 

3*1 12H*T10T®^ 5T»46 ) (Tests "by Kemp and C 0 waa ) s 

The presence of reinforcement in one direction only has little 
effect on the behaviour of a specimen as c capered to an equivalent 
plain concrete specimen. As in the case of plain concrete specimens, 
a specimen reinforced in one direction only faile suddenly with the 
development of the first 43* helical orach* As the ultimate torque 
is reached, there is a certain amount of in-elastio redistribution 
of stresses as evidenced by the (f - 9 ) curves which bend over just 
before failure* Unlike the plain specimens* the sections with 
longitudinal steel only exhibit a small amount of ductility after the 
ultimate torque has been reached. 

Those specimens reinforced with hoops only displayed no 
ductility once the ultimate torque had been reached* The failure 
was sudden and destructive* It was observed in general that the 
presence of either longitudinal or hoop reinforcement only has very 
little effect on the strength or stiffness of the specimen. 

3*2 STB SJTtTH^ 57,46 ^ 

( XT 3 

Kemp wl/ ha# shown that in the case of specimens reinforced 
in one direction only, the steel is unable to provide a fores component 
in a direction at 45* to the aria of twist. When the principal tensile 
stress reaches the tensile capacity of the concrete, a crack forms 
and the member fails. Thus the steel contributes very little to the 
torsional capacity of the member. 
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3*3 SHHlXi rn SDOP 57,46 ^ I. 

Substantial ineraaso in torsional strength aoooxding to 
Karep^ 57 ^ not Corea^ 46 ^ nan t< achieved onljr by providing reinfh trees® at 
in Hre direction of tho principal tonsil* stress*** If sonorete in 
twisted, it fails along s spiral Ha* at 4 $* to tta axis stare tire 
aaxiann diagonal taastla atreaa oxsoeda tire tasaila strength of tire 
material. fire aost effective re infers eaent oonsists of a series 
of 45* apirels. Splzal reinfo reeaent has, however, too disadvantages* 
reotangnl ar spirals are not easily reads and left-hand and right-hand 
spirals are required in hearea subject to a reversal of tsioting recreant* 
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4. RKIfR^mC^ COBCRcTF VWMB WITH BO® LOSGITOBIMAL Sm.'L AMD 
THJW3T3HSE STETX T*TfF0.1Curil, ZB PURE TORSIOM 
( R oP^HCrS S 5,6,8,11,12,46,50,57) 

4*1 BFHAVI0TT8 t (Based on, as reported in the above references) t 

The ‘behaviour of any type of specimen upto cracking was nearly 

the sane regardless of whether it was plain, reinforced longitudinally 

* 

or transversally, or continuously bound by a helix or hoops and 
longitudinal bars* The specimens behaved elastically upto o racking 
and the stlffhees and cracking torque appear to depend almost entirely 
on the geometry of the cross-section and the concrete strength end 
very little on the amount or disposition of any reinforcement present. 

After the 0 racking torque was exceeded the reinforced 
specimens continued to gain strength although loosing stiffness until 
the ultimate torque was reached. The (T *»0 ) curve showed much of 
ductility. 

When the applied twisting moment reaches a certain magnitude, 
the beam cracks end rotates under a constant torque while Idas stress 
in the reinforcement increase suddenly* After this twisting has 
oc cured, the load again increases. The torsional stiffness in this 
third portion of the (T } curve is approximately a constant sad 
steel stresses increase linearly with the torque. When the ultimate 
torque is approached the curve turns gradually towards the horisontal 
(Pig. 1 4 . 1 ) 

As T u , the ultimate torque-capacity for a reinforced section. Is 
always found to be more than T up , this increase being only due to 
the presence of reinforcement. 
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4.2 3TR JHOOT * 

Two methods for predicting the ultimate torque of rectangular 
reinforced concrete mashers subjected to pure torsion hare been proposed 
in the literature. The first was developed by taaaeh^^ ^ in 1929 and 
la used In the several building codes, including the 1958 German code 
BIJf 4224 ^ • 

This theory was later modified by Andersen^ 11 ^ and Cowaa^° ^ 

The second method for predicting ultimate torque ess proposed 

( 29-31 ) 

by Lesaig v ' in 1958* This proposal formed the basis of tha 
1962 Soviet Code (67 ) # 

4.2*1 RffiSCH - AND’-'RSF.H - COW AH THI'ORI ! S 

\ 

The theories proposed by Rausch' ‘ ' , Andersen, ( 9,10) 

# 

(16 ) 

Cowan' * have one thing in common i.e. the failure Is assumed to be 
by diagonal tension and elastic analysis Is assumed for reinforced 
cmorete beams with transverse reinforcement, in pure torsion. 

RAtJscH 

To evaluate the contribution of reinforcement in a 
reinforced concrete member subjected to toraion, Rausch devised a 
network of bars to represent the action of a R.C. member. In this 
model the concrete is represented by compression bars and the 
reinforcement by tension bars. Formulas derived by Rausch earn also be 
obtained by both Andersen's mad Cowan's derivations. Theoretical 
solutions on tha basis of elastic theory were put forward by Rausch 
and Andersen. Rausch's Theory is baaed on the same assumptions as 
are laid down in the British standard coda of Practice (C.P. 114 ) • 

1. Both steel and concrete are elastic within the range of 
permissible stresses and 
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2. All the tensile stresses axe taken by the reinforcement except that 
the concrete nay be assumed to resist diagonal tension within the 
Units of shear stress specified. 

Andersen* s Theory^ ^ * 1 °* 1 1 \ 

la accordance with the provisions of the American Code of 

( 66 ) 

Practice, it provides that the reinforcement shall take only the tension 
in excess of that permissible on plain concrete. 

Theories due both to Rausch and Andersen can be stated in the form i 

T 

where T * the permissible torsional moment 

A * the effective cross-sectional area of the aectio i, defined 
as the axea contained within the centre line of the spiral 
reinforcement 

f . ■ the cross-sectional area of one spiral wire 

st.p 

* th * p * r * u,m * ln lh * * pir * 1 «*«*>»—»* 

* the pitch of the spiral reinforcement measured parallel to the 
axis of the beam. 
d - a empirical constant 

Discussion of Rausch and Andersen' a theories s 

In Rausch* a formula the coefficient dm 2 for all shapes of 
cross-section. In Andersen's formula it is 2 for circular sections aid 
appro xta.t.ly \ for «,««* -4 r-t-xtulfcx — ««»• 

Both formulas are based on the circular section theory of torsion, 
and therefore accurate only when applied to circular sections. In 
applying his theory to non-circular section, Rausch assumes that the stress 


i> J2 A * * 
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in the spiral reinforcement at any point is directly proportional to 
the distance of that point fro* the axis of the fees*. Tor rectangular 
sections, the reverse is , in fact, true. 

Andersen, as suntng parabolic stress distribution in the xeinforoesent, 
obtains the radiua of the equivalent circular section by applying the 
Bach form la. 

CCMAB'S fBFQRT^ 40 ^ I 

Covan reasoned that the stresses and strains along tbs length of 
each spiral bar should vary fro* sero at the corner to a maximum at 
centre of each face according to Saint tenant's stress distribution* 

By integrating the energy along the spiral reinforcement^ 1 ° ^ and 
equating it to one-half of the work done by the external torque, he 
was able to obtain the coefficient ^ . this factor is a function 
of height to width ratio of the section only. 

For practical purposes he proposes ^ to be 0*8. frith this 
modified value of ^ , Cowan gave the following equation « 


f 


st.p 


£ l \ 

h * 


where b* and h* are respectively the width sand depth of the rectangular 
section enclosed within the rectangular stirrups. 

In practice, spiral reinf orcement is hardly even used in 
rectangular beams because cf the expose of making it. 

Vertical closed hoops and longitudinal bars are a acre convenient 
form of torsional shear reinforcement. The diagonal forces due to 
torsion are then, resisted by the components cf tensile forces in the 
hoops and die longitudinal steel in the direction of the diagonal tension. 
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while the diagonal compressive forces are resisted fey the concrete. 
Consequently the area required for the vertical hoops i 

f #t.2 * *st.p 

Moreover* Cowan proposes an equal aaount of longitudinal steal distributed 
equally in all the four corners of a rectangular fee as. So we get t 

< *.i ♦ V - a '.t-sr-p- 

where P #J) • F ^ ■ cross- sectional areas of longitudinal tensile and 

compressive reinforcement respectively. 

and u » spacing of the rectangular stirrups. 

DISCUSSION t 

The above elastic theory assumes that the torsional resistance 
of a H.C . member is the sum of the resistance of a plain concrete 
member and that contributed by the reinforcement. 

There are three divergent views of how concrete in m reinforced 
beam resists torsion t These are s 

1 • That concrete carries a torque equal to that of an unreinfoxeed 

/ gp- \ 

beam* This approach was adopted in Australian Cods' » 

2. A boo ond view holds that since concrete is badly eraohsd near 
ultimate load* its ability to carry torque is grsatly reduced 
and should be assumed to be sero. This reasoning is reflected 
in the German Cod#^. 

3. The thixd approach provides a compromise between the firm! two 
by computing the carrying capacity of the concrete on the basis 
of ths core, of the reinforced concrete beams* This third view 
was most widely accepted by torsion investigators In ths 1960*8. 



fhe strength prediction based on the Rau aoh-Andersen-Cowan theory 
and the reasoning described above axe compared as shorn (Fig.t 4.2). 
with sons of the test results reported in liters tu re . * ' This comparison 
shows that both the German and Australian code overestimates the 
torsional strengths. 

4 .2 .2 LSSSIG-T0DI8 THEORISS^* 25 ’ 5 ° * 3 1 ’ ’ 59 > » 

A theory based on ultimate torsional strength was first proposed 
by Lessig in 1938 and a more detailed paper was published in 1939* 
Observing that cracks occur diagonally on the surface of a beam* the 
failure surface chosen is shown (fig.t 4*5)* 

This surface is formed by a continuous diagonal crack on three faces 
and the straight line AS on the fourth face connecting its ends* A 

region close to AS is considered in compression and the steel in this 

♦ 

region is neglected. All bars outside the compression region axe 
assumed to be in tension and to be stressed to yield* Based on this 
failure surface, Leasig chose two equilibrium equations t equilibrium 
of moment along the neutral axis x-x and the equilibrium of forces 
along the axis perpendicular to the compression none. By minimising 
the moment equilibrium equation, it was found that a theoretical 
minimum torsional resistance occurs when the neutral axis m»x is 
parallel to either a longer face or a shorter face* This results in 
two modes of failure shown (Pigs.t 4 4, 4*5) • 

Discussion « 

Leasig* s theory considers both the combined resistance of concrete 

and reinforcement and tbs redistribution of stresses* Therefore, it 

(501 

explains four observed phenomena reported In the literature' » 

These phenomena cam not be explained by the elastic theory * 
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1* At cracking, a reinforced concrete keen continues to twist 
Under & constant torque, until the reinforcement is brought 
into action, this indicates a transition from Saint-Tenant * s 
equilibrium condition to a nee one. 

2, After wrecking, the stresses in the reinforcement do not 

follow Saint Tenant's stress distribution, far example, tbs 
stresses in the longitudinal bars are essentially equal for 
any location across the eider face of a cross-section. Also the 
stresses in the longer leg of stirrups are constant along that 
lag. 

5. After oraeking, principal compressive strains of concrete may 

be several tins greater than those predicted by Saint Tenant's 
theory. 

4. The concrete core of a reinforced c oncrete beam does mot contribute 
to the torsional resistance of a beam. 

Despite the ability of Lessig's theory to explain the general 
behaviour of R.C. beams loaded in pure torsion, it rather approximately 
fits the test results numerically (Pig.t 4*2) From the figure, it 
is clear that lessig's theory rather over-estimates the torsional 
strength o f a member in pure torsion . 
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BUTMWS m fOtSIC* 

5 ,! SOLID T,l, ASB BSCTAJKrBLAl C 0 *®m SJECBSSIS COSTAMW 

out xoisrrtfBiiAi. MUFoaBuraT 

5.1 4 DH80MCfI r * s 

Towards the undcrstsa ding of the behaviour of concrete 
cpeoinrac containing both latitudinal and rah noinforceneaty under 
combined beading sal torsion, a good study of Hut behaviour of 
eonorste spec loons containing longitudinal reinfo no enmt only In 
necessary* & this area work of lylaader^' 1 *^, Hraskrishnan^ 0 ^ * 

•«- - ft. ~*-oU* -d Tutor «* 

Fongnsoa^^*^^ for f sections are available for study. In tbs 
experiments conducted ty these researchers, the effect of variation 
of anoomt of steely concrete strength* depth to vidth ratio of tbs 
cross-section end the xatlc of applied torque to applied trading 
sonant i«e. K * T/g # on the behaviour and strength, has hera reported* 

5 *1 *2 BHUflOH t 

Beans eo&taining only longitudinal steal and loaded In 
eonhlned flexure rad torsion hears hera observed by various researchers^ * 5t40,42 
te fall in several nedecy the node depending in nny particular sane 
on the ratio of twisting noarat to bending nenrat and the section 
properties of the aenhex. Based on the observations of the above-cited 
researchers, the sequence of events comprising fsilurs nay bs described 
as folleva * Application of ths bending nonrat sraeks the lavra portion 
of ths bean and zsdnses ths affratlve sross-ssstisnf fhrther,lt 
applies a sonpvsssivs fezes te the unsraeked srasrete eras and s ; 

tensile fore# te the steel* When ths nsabsr Is twisted aheastag 

I 

I 

stresses ess Induced bs the ensrasked sonsrsts sene sad dowel forces 
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on the steel. If spalling of Hie concrete is ignored failure of 
the beam will he initiated either V the concrete failing wider Hi® 
combined coap re salve and shearing stresses or hy the steel yielding 
due to the tensile end dowel forces, the fellers is sodden la esse 
of predominant torsional loading while for the other extreme if the 
section is and er-reiBf creed Hie failure *111 1* gradual. 

5 .1 .5 STOESGTH f 

Haaakrlshasi^ 4 ^ , reports the following points regarding 
the strength of hems without wsh reinforcement, hassd on his 
experimental tests I 

(1) The ultimate strength of seah leans depends nslaly m the 

tensile strength of eoasreta. 

(it) The plastic andyeie due to ladai^^ has proved to he 

valuable in predieting the ultinste strength ef these he ana* 
(ill) The effect of twisting aments Is te reduce the heading 

resistance, mile the addition ef heading ament increases 
ths torque eepaeity ef seeh leans* Bat theta Is a Halt 
heyond which the addition te acre Vending aoaeat redness 
ths torque eapaeity of heaas and the redaction in the 
loading reel stance ef the hern is practically all. The 

limiting value depending on away variables* 

Ban's dpjrensh^*^*' * 

Hsu has developed a 5-diaaasional interaotioa sortaee 
(Tig* 6.1) for predieting the ultimate strength In the saee ef ha rass 
without weh reinforces «t, subjected te eoahined handing* torsion 
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•ad shear* The interaction curve between applied assent and tostfae 
la then the epeelal ease of Saa's Interaction serf see, dm shear 
ferae is sere sod so the preblen beeoaas tee dlnenslonel. Beeewer» 
this interaction serf see, (hell he discussed in mib- section i* (pp* ) 

5 4 M nmriwt * 

Sea's siaplified interaction serf see (tig* 4.1) appears 
pro »i sing la predicting lie strength of each nsSbers especially for 
design since the ultimate equilibrium theorise of Lesaig (discussed 
la chapter €) fell when there Is no web reinforoesent. 


5.2 prismatic concise smmm ssmmcm ms mrs itimxtmzAL 
sBunraRcubjf arb tsrucai. s*nstr?& sew^cteb ®o com*® 
iron® m torsios 


at* d sa-eyiMMSssa a tf ^ 

5 #2 1« wSSEfiAIi I 

la shat fells** hereafter, a 1*1.6. spsslasa is neaat t» 
bs a oonsrete apeslsea relaforeed both longitudinally as vail as with 
vertical stirxupe* Although safflalent expert* ettsl data exists* a 
el ear understanding of the behaviour sad strength Is difficult bee suae 
of ecafllstiag Ties* pat forward by various researchers, Lesslgs 
analysis^ 1 ^ a pp ea r s to be proaistsg. la thio area, the least attention 
hee bean paid, to the T and 1-ssstlon, shout «hieh the experimental 
data Is frantically non-existent. 

fasts seadueted by Cowca^* 6 '^* Icaslg^ * fadia^^* 
6es»ind^^ t (Nod# sad Islay^^ sad Bvsns wad Saator^^ give data m 
tbs effect of the following verifies m the behaviour sad strength 
of sash spools ate » 

(I) Croce- cost tonal shop* {Rectangular f or 1 or hollow Rectangular) 

(II) Coapressive strength of concrete 



(ill) Spacing* of Stlxrep* 

(It) Satia of ▼©! wtm of longitudinal tan to volume of vertical 

stirrups 

(▼) lotto of applied tortus to applied Beading moment, i*«» 

I- 1 * 

5*2*2 BEBATIOtlft t 

fh* nodes of failure, ot hypothesised By taeta and Selagr^ 8 

are t 

1* Yielding of top Bare Before the stirrups or Bottom Boro 

yield <* Phis oooaxo ehon tie percentage of nenpreenioa 
xeinfoxeeaent ie eery snail and the saotion is suBJeoied 
to large torsional moment and nail Banding nenemt* 

2* Tielding of stirrups Before tap or Bottom Ban yield* 

This yields tits nanism torsional strength of tto Bom* 

5* Holding of stirrups and Bottom Bara simultaneously. 

Results shoe that tMa oeours oxer a ooncideraBle range of 
tbs interaction diagxan for Banding stone id and tamiea(91g« 5*1)* 
this 'nods of failnra coincides eitb taid|*i first ftllsasc 
aehma (Tig. 44)* 

4* Holding of Bottom Bara Before the stirrups or top Bara field* 

la addition to the ah owe, 

5* When IBs Bean it *oeer»reinforaed‘* » tin eonarete or ajfeea 

Before the reinforoeaent yields* fhln in haem an th© 
primary compression failure and la very sadden* Phis can Ba 
avoided By limiting* the ma r t n a m percentage of lmgitauiinal 
re infaro «* ©at or By anltahle use of eeapresalon reinforoeaent « 
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6* 2a extreme ly radon-re inferred beans «te» tit t 9 i^» tie 

Wading sonant reusing the Wan to exude la larger then 
tW ultinate strength of steel reinforcement. This inks he 
avoided by limiting the principal tensile »fem« is tiie 
eonerete, shove which the re i nf orcesent to he provided sent 
wi #®*f tiin in a oaiiv &i. 

figure (5*1) shows if *1 interaction diagram shoving the various 
failure sodas hy nuhera* Thane failure nodes f although gaits genera 1 
are yet to W verified hy experimental observations end quantitative 

analysis. 

Severer, in general, two types of failure sorfaees hewn been 
reported in tile expcrlnmtal works of fcessig^ 1 ^, Chinsakev^, 
Ualia^, twin* 59 *, desnad^ 43 *, Swensand Sarke®^ and Pnsdlt* 52 ^ 
tbs first sods of failure surfaee, aa re ported, forma whan 
a skew hinge is foraed on the top i.e. eonpremaion fees (fig. 44} of 
the speoinen. This nods of failure oeeurs when the ratio W tween 
applied torque ¥, and the applied heading aoaeat V, i.e. X » tfu is 
< 1. Itartha* it has besa reported that the longitudinal aa well ns 
the transverse steel eroesed V the failure erseks yield at the 
tine of failure and that eoaerete in the eompresalou sene (fig* 4*4) 
crushes only after the yielding of all tits steel in the tension seme* 
Ttd a neons that the first-type of failure oeeurs shea the spseiasa 
is under-re inferred with reap set to the pare fissure considerations. 

The second node of failure surface has been reported to 
hare foraed when a shew hinge ferae on the vertical tide of the 
speoinen (fig. 4.5). *hia type of failure oeeurs rasa the ratio 



I i» ^ i and, in general, whoa shear la alee Farther if has 

been reported that spools ana ovor-rsinf ©re «d with reap eat fa pare 
flexure considerations, failed in the newer of aoeond nod a of failure. 

Wter-aatiea between f and 1 » Collin*, Pallid ^ at Hi baa 
reported the interaction curve be tenon f ad 1, baeed mi 2#satfi*i 
fir at node of failure, aa t 

( I" )* ♦ ( |- ) - 1 ( H«. W ) 

lore f # • The pare torsional oapaoity of the aeotloa | oaa be calculate 

froa Leeeiff* a aaoond node of failure - equati aa, then % m°° (pp ) 
and 1^ • The computed ultinate flexural capacity of the eootion in the 
abaetne of torsion j oaa be obtained froa Waste’ a first node 
of failure - equation (pp ) by substituting I • 0. 

Moreover, there la universal agrees At anoag workers In the field* 
that eoafeinatlons of longitudinal and transverse steel inereaaea the 
torsional oapeeify ofbesas. 

Iyengar and Yijsyaraagaa^®^ shoe an interesting anas of 
the interaction diagram froa their teat result* for K ^ 0.10* They 
found that the bending oepaelty is practically not redos ad because 
of the praaensa of torainal nonant* Another interoating feature* as 
asm bo aeon fron (fig* 5*5) 1* that the value of the torsional capacity 
actually ineroess* by \% for a bonding nonant of 0*65 

5.2.5 RBWR i 

She neat general and rational analyais up-to-date, for 
predicting the ultinat* strength of %££« rectangular epeoi earns 
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M • Ultimate bending Moment in combined Betting and 
Torsion-- >.■■■•• 



Ultimt# Bending u^.,x.n' in Becing 

Teat-resulte of Iyengar and Vij&ya B&ngan 


Interaction i)i>igtm between 
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(From iief. 09)* 
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subjected to combined bending, torsion m A triusaverae shear mi 
presented % Isasig^ 1 ^ in 1958* tudin^*^ in 19£2 generalised lassie's 
analysis* 

lssslg*a theory is based os two nodes of failure, determined 
tjr experiments os 1*6*6* reeraaignlar beaaas, ssb jested to say combination 
of loading* The first nods of failure, is which a d»* kings ferns 
at Iks top (fig* 44) sad the sssoad node of failure, in chick it fonts 
es the vertical aids of tts specimen (fig* 4*5)* Based m these tan 
failure mechanisms, lesslg oa ate out with equilibrium equations meant 
for predicting the ultimate strength of 1*6,0* rectangular specimens 
subjected to sombl&ed’ bending, torsion sad Cheer* fhs details of this 
gsnsrsl analysis kaasd on tin too nodes of failure, ass given in Sec* 6* 

The problem of design and predicting the ultiaste strengths 
of 1*6*6* rest angular specimens (hath 8elid ant Salles) suk jested to 
combined heading sad torsion, is s spssial csss of lsssig*m ganexsl 
analysis when transferee Skater , Q , is aero. 

fhs author has applied leasig' m Ultimate Equilibrium dnsalysia 
to 32 1,6*6* rectangular spool mens (both solid and Bolls*) subjected 
to combined bending wad torsion, tested Sxpsriswatslly by FsaSit^* 

Brans and Saskar^^, Ossund^^ end Welsh A Cellins^®^* fhs 
eenpaxison bstsssn the theoretical ultimata torsional strengths esdoulstsd 
by Isssig* s analysis and tbs actual experimental ultimata tordornal 
strang tha reported by the researchers sited abuse, are gives in fails 
see 5 - ® im * f'' ) 

In ssstlon 6 (ppi fJ > ), regarding tha detailed sslaslstions 
according be lossig* o analysis required he preparing these tables, are 
given. It is to be noted that In all these spesineos tested by various 





researchers* the of the M 1 ««ia| rarlafeleB ea the nltis&t® 

strength has been studied* 

(i) depth-breadth ratio of the XhmUw 

( 11 ) ratio of relume of longitudinal steal to velene of mb steel 

(Hi) compressive atre%the of ecaoxete 

(is) Sellt m hollos rectangular csoas-aaottona 

(▼) Taodatioa of 1 * 

fees the study of tables Vos* 5-8 (pp* ' )* tie following inference* 

««s ho tram t 

(l) Lesaig** general analysis prediets the ultimate torsional 

and flenoral strength of both solid as sell as hollos 
rectangular R.C.C. seetiona, subjected to the special moo 
of eonbined heating eat torsion re uaifeably mil eithin m 
w *. rage percentage error of ^ only* ^metises the error 
Is <m non-coneeruatim alts. For this, it appears that India** 
generalised approach gives satisfactory results as fttesassed 
hy Collins, walah et al^. Sornmr Tudin* s analysis la 
beyond aoope of the thesis. 

(ii) The specimens subjected to K ^ 1 deny* fall by first node 
of fsllftxe (Fig* 4*4>* 

(ill) For design purposes, the leal faotor am hi taken as 1*8# as 
suggested by Goode it lelay^*^* thus Uniting the orach* 
width to slthln * 100 * ** retting load* 

(is) the ratio of longitudinal sad mb reinfeseenente actually 

provided la tbs experiaestB sited ahem* alee eatiafles the 
upper ant lomr bounds of the beasLg< s thsoryxetalremBts* 



5»2.4 tEMMS « 

2a spite of the applicability of l*wl|*« analysis, it gives 
trivial resalts in ease of go no re te specimens containing longitudinal 
steel only, subjected to oonbined bending and torsion. Also, os tbs 
behaviour end strength of &.C.C., fori ssstioas have not so far 
been studio* and analysed, under combined bending and torsion, it is 
suggested that to be on the conservative side, Xossig's analysis for 
I JiXm rectangular beans nay as soli bo applied for B.C.C., t and t» 
sections* So in ease of * or I* sections, tbs overhanging flanges aug 
bo neglected, for seat of experl neatal data. 
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ssctioh 6 f mmms b.c.c. siscum oBJBCfg& to canons) assskm* 

*V«COI*VwBI Mw Ms OmfoAtt 

6*1 * mzmam coscsifi smmms, mummer lose none vjx.tr obit, 
smucmt to ccwurec mm, tobsios u® am* 

6*i*i 9mm®, « 

I» whatever follow* hereafter, a opecisan wader oonhlacd 
iofiyjgg 1* a**»t to he * spool men wader the notion of eonbined bending* 
torsion and, a (hear. 

for * foot understanding, the study of B*C. beans without 
vet reiaforoeaente under combined loading 1* preferable. In this area* 
very aeeaty data is available* The various researchers who have 
tested eoaerete speeinens containing longitudinal steel only* selected 
to combined loading* are Bylandcr^^ and 1 mmS^ who tested solid 
rectangular ooaereto specimens, Bnoia^ 2 -^ 6 She tooted t*» 

eeetions end fsaser^ 1 ^ who tested Y*ssotions* 

6*1 *2 immam * 

There is a dearth of info nation at present regarding the 
behaviour of sash epeoiseas subjected to eonbined leading and banco 
no dsfinita atateoent eonsentlng the stiffneaa* hitilllj or haw fur 
the opoelsen behave slastioally oaa be node 

6*1*3 8TRES8TH » 

Jte!t * 

the effect of tho oianltanooao application of two 
difforent typos of foneoo on tha otrongth of s spooioen own sfton bo 
ozpresoad by on interaction carve* for txanple* tho interaction. of 
torsion sad bending can be represented on a rectangular coordinate system* 
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Cue axis represents torsion find fit© oiler lending, The itraglh of a 
specimen subjected to a certain acgnitude of torsion and bending is 
th« described by a point on the Interaction carve. Thecas® of effect 
of combined loading on a concrete specimen is a three dimensional 
problem. Hau^*^ has developed a thrse-dimmsional interaction 
surface to design sand, predict th® strong :h of concrete sped rnn® under 
combined loading. 

for the combined action of bending, torsion and shear on a 
concrete specimen without web reinforcement. Mm has taken three space 
axis, perpendicular to each other, eaoh axis representing one type of 
these three forces. Then, he reports that the strength of specimen 
subjected to a certain magnitude of torsion, shear and bending is 
represented by a point on the simplified interaction surface proposed 
by hlm,bas*d on tests conducted by farmsr^ 1 ^, Krasy^ 2 ^, Brown^ 2 ^ and 
lylander^ 1 ^* 

then torsion-lending interaction curve ic actually a special 
case of toraion^shcar-bendlng interaction surface. It is a curve 
described by the intersection of the interaction surface and a plane 
defined by the torsion and bending ares) similarly for other two 
interaction carves. 

Construction of Hsu* s simplified interaction surface » 

ion, the interaction curves for torsion and beading moment, 
and for bending and shear can be obtained by tests. But the interaction 
curve between torsion end shear cannot be obtained by tests because it 
is impossible to obtain a constant shear in a finite length - of a member 
without the simultaneous presence of bending moment. So first of all 
the torque-lending and bending-shear interactions curves are obtained 
experimentally* leu interpolates the Torsion- shear interaction curves, 
(based on teste^* 2 '*** 1 *^ 2 ^ between its two bounding interaction curve® 
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of terslom»beadiisg and beadlng-teear (*lg. S.1). 
xissiGir emmam $ 

Based ©» tea simplified interest ion surface, proposes 

tee following design equations t 

( ) f * &• » 1 for ^ ©.5 ,M. (1) 

♦ ( X- ) l « 1 .... (2) 

for 0.5 <-^- < 1 0 

1 'm. 

dt«*i 1 

f * ultimate torque of the speoincn under combined loading 

f Q * ultimate torque capacity of the spa© lean under pore torsion 
© * ultimate shear • capacity of the apes lata under combined loading 
» ultteete ah teear eapaoity of the epeelawu based on diagonal 

t M ttilfej ilMMI Jfe ghtAhl' miaJI ’’%t rtiifc iff HI mm* gam 

QtAOAiHUl UBHuT fOtlBH fiUCl ft&jQ&Tm 

■ * ultlaate bending moment eapaoity of the specimen, under combined 
loading. 

^ » ultimate resisting moment of the speeimem in pure bending. 

These tee equations deeeribe tee iater-sstion surface. They apply 
0 cneerr atlee ly to concrete beeeo of rectangular, f end 1 -section® 
reiaforoed with longitudinal tears only end eubj coted to any eoteimtlon 
of torsion, ahsmr end bending me verified by Wmfi**^* 

Hsu tee drawn graphically tee aboTe-eited tee equations* in « 

terse dimenaioaal nodal representing J** « mad along teroo aatanlly 

perpeadioular special area, ten aiapllfiad interaetlon surface* meant 
for design* la shew (Hg. 1.1). 


f 

* 0 {i*n - Mof- ) 
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#*i4 imams i 

For aooibflrw without *«k rata forsook cat snhJeotaA to eaofoiiMMl 
toadies, Ssa*s r omits art proataiag and as to used for doaiga 1/ trial 
and error siaee iMiig'i thaoigr fails for its oaao of aaatsra without 
wot xolaforosaeat. 
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$.2 irismasc a.e.c, smium, wra m mwoscisew, mr. ct.dw 

COlfRISU 12RDIMC, fOESZOH ABD SHEAR. 


6.2.1 smwL 

¥ha behaviour and strength of reinforced concrete members 
subjected to e cabined torsion* shear sad bending, has not received 
enough Attention in engineering literature. Although, a few test results 
hare been recently reported and case theoretical Approaches hose bean put 
forward, specially in the ease of rectangular R.C.C. speoiaans (both solid 
and hollow), yet there is no experimental data available for the son 
common ease of ¥ and X, R.C.C, sections subjected to oonbined loading. 

It ia generally agreed by the researchers that combinations of longitudinal 
and web steel increase the torsional capacity of bcaas. 

6. 2 a 1SHATIOTJR 

A noderate study of the behaviour of RX.C. beans subjected to 
combined torsion, banding end shear has been carried out in the laboratory 
of Reinforced Concrete Structures - Moscow, fhe first aajor series of 
tests were conducted by Xeasig* 50#513 . Baaed on the tests, she observed 
two principal nodes of failure for R.C .C • rectangular beans nab jested to 
combined loading (fig*. 4.4. 4*5). G«»er*lly tbs failure of teens takes 
piece when tension cracks on three sides open allowing the aegasnts of the 
bean to rotate about a 1 hinge* located near the fourth aids. 

In general two nodes of failure have also been reported in tbs 
experimental work, of ®esamd (45) , Lyalim (35) , Chin*mov (52) f Brans and 
Sirltee^ * Bowsvsr, In 19$®* Collins, Walsh ot. sl*^^ report that 
cone spaeinens developed the skew plastic hinge near the bottoa surfsaa 



•alt t'is mode labelled «u» mode 3, can otetff for high ulwa of K* They 
have give* » detailed analysis for thin pode also. 

6.2.5 stRoms 

Mainly two approaches have tern used by various researchers 
to analyse and prediet tlie ultimate strength of R.C.C. speoinens subjected 
to coshlned loading, these are t 

(i) Analysis based on Elastie theory or working-stress approach, 

(ii) Analysis based oa the Ultimate Squilibrins Method. 

A brief outline of the elastie-theony approach is given below. The 
Ultimate Equilibrium Method shall be dleeussed in detail in a subsequent 
sub-section. 

6.2 .3.1 ANALYSIS BASED OM ELASTIC fKXHK 

this analysis Is mainly das to Cowan^*^. When a R.C.C. 
specimen is subjected to eoabined loading* apart from analysing the section 
for pire flexure, the combined effect due to the following tec types of 
elastic shear stresses in the section, is taken into ssoount t 

(i) Elastie shear stresses induced by banding i.e. q^ 

(ii) Elastie torslcnal shear stresses i.e. T 

loth of these two types of shear stresses give rise to principal 
diagonal tensile stresses f q and t % respectively. fhess t *0 diagonal 
tensile stresses are inclined at 45 * to the tvlet-eads of the bean* 

It is to be noted that there is a basis difference between 
diagonal tensile stress f end the diagonal tensile stress f^* the former 
occurs in the asms direction over the vertical faces only whereas the 
latter exists <11 ever the periphery of the section and mote in opposite 
directions on the opposite vertical faces (Tig. 6.2). Consequently 
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torsional a ad transverse shear are additiYe on one vertical face of the 
heaa and subtractive on the other. The design criterion for tint worst 
ease, therefore for the contained effect of these tso types of sheer 
stresses shall he t 

f * + f ^ ? where 
* t t 

is the maxima peraiteihle eoaorete stress (working stress) in diagonal 

tension* If F is emeeded, the whole of the shear, torsi o ml as well sa 
t 

transverse, snat he taken hy the reinforeesent, ae laid oat in Indian 
Standard Code of Fraotiee, 1.3. 456 - 1964 . 

fhe German sad Australian Codes am the elastic analysis as a 
basis for design^ 34»35»45»46) ^ g**#!*, it is laid out that concrete ean 
take part of either the transverse shear or torsional shears hut not both, 
the whole of reminder ansi be resisted by reinforcement. 

The elastic stress aethod, however eaffere free the fact that 
it does not give a true indication of the strength of eoaorete, which has 
an in-slastio and plastic range. But this aethod can be helpfhl in 
eorelating with serviceability criterion which oust be alao satisfied 
along with strength criterion for the neaber. 

The Ultimate Equilibrium Hetbod is a strength method, rather 
than a stress method because it is based at failure, end 1 he tso modes 
of failure are generalised from experimental results, this method Is 
discussed in the next eub- section. 

6.3 UlTIMifE EQmiBRIim MT’FHD 
6,3.1 IFfdOBCCtlOB 

As in pure flexure, the ultimate load method is widely 
accepted in preference to working stress aethod, in the seme sense, 
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analysis for combined loading based on the actual behaviour of the member* 
at failing loads, gives a true laslght into this soapier problem* ft* 

01 tin ate Equilibrium Method for the eoahlned loading oaaa has been i»t 
forward by lessig^ 50 * 51 ^, based on her teet-results ©a each hams* She 
reports that R.C.C. speeiaeas aay fail in two nodes already discussed is 
a previous sub-section. 

la recent years, eeversl investigators hare proponed theoriee 
to ealculate the ultimate strength of hesss subjected to eonblned loading* 
It Is generally agreed that failure of the beans takes place when the 
two segaeate of the beaa rotate about a hinge located on one side sad 
opening of cracks on the other three eldes (Figs* 4*4 end 4*55* 

The first node of failure (Fig. 4*4)» as reported by bessig# 
occurs aost frequently, with beaae subjected to c cabined banding and 
torsion with negligible transverse shear* Cracks fora on the aides «d 
in the soffit of ths bssa. The opening of these cracks starts only bhea 
both longitudinal and web reinforcement in the tension sons* yield, end 
a Skew hinge form at the top face, Fhsn the two segment,* of the bean 
rotate about this shew hinge (called neutral aria - Id), until the 
concrete in compression sons crushes* So it is a secondary compression 
failure esse aid aost likely, this failure occurs when the beaa ia 
under-reinforced with respect to pure fleniral considerations. 

fhlc node of failure is aoat likely to occur la oacc of 
btcat subjected to beany beading end snail torsional acswnt, i*e* 

whea ** Kt* as is evident frea fable Soa. (1 - f) »d also ahown 
expert neat ally by talab, Collins et. al ^ * 
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The second mode of failure secure, ia beams subjected to 
combined loading, in which ah ear force is substantial and also in eases 
share i ^ 1 or in beams over reinfo reed with reapeet to pure flexural 
considerations. In this node of failure (fig. 4*5)* the inclined 
tension cracks arc predominant on the vertical site of the beam, where 
tensions arising fro* twisting aoasnt and fro* direct shear fores art 
additive. After yielding of both longitudinal and web steals in the 
tension sons of the section, the two segment e of the baa* rotate about 
an inclined hinge located near the face opposite to that in which tension 
cracks first appears. 

Lsaaig^^*^^ derives expressions for predicting the ultimate 
load a for the two nodes of failure already described. For the purpose 
of analysis, she assumes that the intersections of the failure surface 
with the beans faces are straight lines and further that the Inclination 
of these lines on the three sides corresponding to the tension cracks 
is constant with the twist axis, The assumption is also made that all 
atael traserswd by the failure cracks yields. 

In the analysis for failure node 1* the stresses in the 
compression^ steel and the tensile strength of unerased concrete 
are ignored. An inclined failure hinge o f undetermined length £ « 
(Fig. 44) ia assumed. Moments shout this hinge ere calculated for 
the tensile forces in the longitudinal reinforcement, and the horlsontal 
and vertical Ige of the stirrups. These moments are then equated to 
the oonponenta of the external moments about this axis. The critical 
length of the failure hinge which mdcea the moment a minissu» is then 
determined* the depth of the oompreesion sone ie them fanrnd by equ*ti*g 



the ooiapr® saive forces perpendicular to tile failure surface to the 
components of the tensile forces in the steel* the depth of the 
compression sons computed on this basis is quits small. 

6.3*2 SBBirmOK OF J»ESSI0*S FQRIBLA'E 

Les8ig^° # ^ observed teo types of failure meoheaiaos, already 
deeerihed in a previous sab-section. Based on the two failure modes* 
lesBig^ 0 *^ 1 ^ derived the ultimate-strength predicting formulae fox 
B.C.C. rectangular beam subjected to combined loading* assuming tin 
following t 

(i) the longitudinal and web reinforcements crossed by a 
special tension crank:* yield at failure, this asainpticm 
has hewn found to be practically valid* in the experinswtal 
works of deeund^ 5 ^ et. el., SSvaas and Sarttar^^* Pandit^* 2 \ 
**<*>, Lyalin^ ^ and tadin^*^* 

(ii) the compression foree in the longitudinal reinforcement 
located in the compression concrete sons (shown hatched 

in Figs « 4*4# 4*5)# is negligible and can be ignored, this 
assumption is also practically feasible* as found by the 
above-sited researchers. 

(ill) The stirrups are uniformly distributed throughout the span 
of the beam, this earn be achieved easily by keeping uniform 
spacing cf stirrups, which must be done in beams subjected 
to combined loading. 

(iv) the compression concrete sone is rectangular. This has been 

proved to be true by Leaaig, through theoretical calculations. 
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(▼) The tensile strength of concrete Is neglected. This is 

desirable because this assumption gives scat conservative 
results which is required is tile complex problem of B*0*C. 
beans sub Jested to combined loading* 

Lessig derived her strength-formal m , on the following 
two equilibrium equations « 

(i) The algebraic sun of the moments of all external and internal 
forces, about the neutral axis VI (plastic skew hinge $ 

Figs t 44, 4*5) is sero. 

(ii) The algebraic sum of all the foroe-componm ts, external 
as well ss Internal in the direction of the normal to the 
concrete compression sons is sere* 

lessig* s formulae for predicting the ultimate strength based on 
the above-cited assumptions and employing the two equilibrium equations, 
are given in the next sab-section* 

CMneakwr , who conducted a series of teats on reinforced 
concrete beams subjected to contained loading eoneludsd that lessig' s 
analysis agrees substantially well with test values, although m the 
conservative side* Experimental values slightly higher than the 
predicted values could be accounted for by the concrete tension 
strength ignored in Lessig' s analysis. 

Tadin^ ,J ^ observed that the analysis employed by Lessig, 
only satisfied tsc equations of equilibrium. This criticism was also 
mentioned by Hsu^ 8 ^ while dl sense ing desand's wortc^^ • to satisfy 
equilibrium completely, it is necessary to consider sheer mud other 
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forces in the compression sons* ^din, however, ignored the distribution 
of stresses in the compression sons sad his analyst a also fails to 
completely satisfy equilibrium. Gesand^^ et* al. developed an Ultimate 
Equilibrium theory for combined heading and torsion using an approach 
very similar to that of tudin . They oonsidsr the nomen ts about 
longitudinal end transverse axis. Collins, Wold^ 8 ^ at, al* report 
in a discussion to Gesund’a work that lessLg' s analysis for K > 0*5 
givesv slues on the unsafe side although the avenge error la 7$ ? 
fadin’ s analysis is conservative and moderately accurate (the average 
error for about 22 beams is 15$) and Gesund’s analysis is more 
conservative than tudin (average error of 21$). A detailed check of 
the validity of leesig’s analysis is compared in fable Sob# (l * 9) 
in a subsequent sub-section. It is reported recently that for design 
purposes thdln’s formulae are very much simpler than those of Lesslg. 
However tudin* s node is outside the scope of the thesis. 

As the problem of failure under combined loading is a 
3 -dimensional one, six equilibrium equations need be satisfied* Hut 
according to Lesslg, only the two above-cited equations need bo 
satisfied, as she srguesthat after the formation of the plastic skew 
kings SA, rotation is possible only about It* This seems to be s draw- 
back of Lessig's theory and tudin generalised Leosig’s theory by 
employing throe equilibrium equations* 

In deriving lessig's formulae, the following notations 
shall bo used t 

T, It, G * respectively the external twisting noment, bending moment 
and transverse shear force at a erosa-aeotion at failure* 
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• OT««ai depth and breadth of the section. 

\ ** effective depth of the section. 

a - uni fora concrete-cover alround the four aides of the seotioa 

a « spaaing of the closed stirrups* 

Vi » neutral sale or plastic Skew hinge. 

CjftQj * pf©3«etlr*ae of the neutral axis ia failure nodes 1 end 2 

respectively. 

V m total cross- sectional area of all longitudinal reinforcement 

near the face of atdth b, in teuaioa (node 1 « fig* 44) 

^a2 * crose-eeotional area of all longitudinal reinforcement 

near the face of height h» ia tendon (node 2 t Fig *4 * 5 )* 

• cross-sectional area of the aaterial froa which stirrups aade* 

af« » respectively the depth of compression stress block for 

failure node 1 and node 2* 

• depth of the neutral axis m %* 

K. m ratio of the area of the concrete stress block at ultimate 

1 to the rectangular block. 

cr rt - •**.« i* 

0- * yield stress ia longitudinal steel. 


m crushing concrete strength ia coapression due tc banding 

- 0.85 f* g * 

f « compressive cylinder strength of concrete. 

0 

K - f/M 

> - 2*/«b 

. inclined length of the plastic ckew hinge Si. 


»,* - o .- '.1 

*«re • °**' *•»' 



1* Q « area, of rectangular eoapreasioa conorete a one 

^ 

p m constant crack argle with the horisontal axle. 

6. 5 .2.1 vmvim . u of lessees maiisis fob h.c.c. ism 3 aoBJccfs® 

?o coaanri) loadh© based o» faimthb mm i (to, 4*4) 1 

Calculation of Moment flu® to external force* i.a, about 

BA t 

•ex*. - « T - 1 T (1) 

Q, the transverse shear force does not appear in the expression 
above, as its moment -arm is sero. 

Calcul&tins of moments of internal forces, i.a., Bij n ^ , about 

BA 1 

Vint, comprises of the following component internal momenta » 

(i) moment of tension force in longitudinal steel i.a, % 
about BA* 

V' r 1 '.i ( Wi (2) 

(ii) moment of tension forces in the horisontal branches of stirrups 
l.e. shout BA « 

f C 4 

*th * *"?* C 1 (h - a . ^ (5) 


(iii) moment of the compression force in compressions! concrete sons 


l.e. U„ Shout BA * 
0 


mM til 

*• * 3 


<£* 1££ f 


• cc*eee*e*C 


( 4 ) 
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(if) The forces in the two vertical branches of the stirrups is denoted 
by F, in eaoh branch (fig* 6.3). 

T - °.t. % <*t-*-*> 

It i e known from theoretical nechmics that the mommt of forces 
f about Ilia equal to projection on this axle of the aosvit of force t 
with respect to point 0, taken on li, arbitrarily t 

■— * of ? ■*»* °* "to - of » .w w, 

where is the angle between the moment vectors and (Fig*6*3)» 

e i 

low Ijq - - a ~ ) 

and 2^ 1 - (1 • 6, ) C 1 

If f is the constant crack angle wife respect to a horis* ntal axla, then 

rr^ 

low m XpQ Cos ^ where Co a ^ ■ *jf ♦ 

So, finally the following expression la obtained after substituting 
various values t 


f *c% c r *-*. -iJ 

hi* ] 


(t . 0, ) b 


h - 


2h - 2x. 


• a 


2 


( 5 ) 




*®*t» 




r>« t..rffiin*ti .--n of the tfoawnt with re* peat 
ii - -hr axis l \ .-.o Vn* !su-a.,y«.> Du 

tf.e vertieil bmueh^s of the Stirrups 

(Fee 81 Haf .46). 
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So the following expression is obtained i 
x 2 

“ ♦ * 0, - V®*1 ♦ **> V ♦ °i T .t * ( k „ - *,) ♦ 

♦ °rt « «*,£>.<* -»-*,)♦ 



Ho*, the second equilibrium equation is applied t 

It is known that » <1 sfeer* M is moment and 0. is shear. 

So differentiating equation (6) with reapeet to x^, sn equation for the 
projections of all the forces on the normal to the plane of compression 

sene is obtained, which after being aaltiplled by t • (C 2 ^ * b 2 )^ , 
reduces to i 

f 

\ (C 2 1 + h 2 ) X, - V ~ 9 F #1 % ♦ -J* C 2 , 0 ! *** (T) 

Multiplying equation (7) by | x, and subtracting the equation thus 
obtained from equation (6), the following equation results * 

*e 5 *t 

Hh ♦ T C 1 - cr M F t1 b 0» o - 2 1 ) ♦ cr* - j* cr t 0, (*-•.-£) ♦ 

+ cji c 2 1 |(t.e l .|») 2 * ♦ • (•) 

Vo* aeoording to the aasumpti ;>ns • that crack-angle , P is constant, if 
th» besn sides axe unfolded, the oraok would thus form praotioally a 
straight Una (fig. 6 4) » The angle p is meter lass than 45* fo* 
combined loading case. 
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S0 9l m m mmm #*••«*#•«•#* 

2 k ♦ % *► 3 x^| 

f 

smi tsuottof i I *| ♦ ♦*•#*♦**#*# 

Substituting 0, ul K 1 b equations (7) «*>d (8)* tke folio slug 
equal Sons result t 


C 


1 1 


¥ *1 


* °. '.1 <*o - 

* cr Jrt!x 

* u s* u 



k • a - i X, 

• rf m ~" v ~ ' J " 

2 k * k- 2 *^ 

I )* 


w 

Cio) 


♦ 

( 11 ) 


I mi 


l^C 2 , + k 2 ) x 1 


°i *•* * °it rprrsjj j 


* 


** 


( 12 ) 


*k get ths Telus of tke projection of li, l.e. Q^, oorre spondlng to 
the ainisua reslat&me of tke tew section, differentiate equation 
(ft) without respect to sat equate tke result to sere i.s. *|| 

So the following expression Is obtained for « 


®«*** $ ♦ 
1 I 




y- * «i 

^ 3 a~r Lift 

9 * a* Bu.VJ>« T f~r— 9 * «V^ 


g- m F # , U ZMtJZx, cr m B' 2 kek - 2 *, 


C15) 


Proa experiaeats^ * 55#44) go^oted &*«*!*, it kes been found 
that tke value ef & t » 2 ^ V ^ b " « 2 x ^ ia **** oaslysls# is 

always s little less then that used In tke analysis. So, 6 i oaa be 



totem m * (2x, teiag negligible u compared with 2b * b). 

further siapl if ie at ion earn 1 m done by taking h » a • x^/2 » # ^/2* 

Ali> in equation (11), the last Mats in title right hand aide 
mA the corresponding value under the equate root in equation (15) are 
negligibly mall and ean he neglected. 


So after incorporating, the siaplifications, cited above, the 
following final strong th-fonulae , baaed on the neehanira of failure 
node 1, axe obtained t 



°i ».i ♦ 




u(2h ♦ b) 



C<H) 


V° 2 i ♦ * a ) *i - 


_ _ *«*«*% 

^s ? s1 * °et n(2h e bf 


C 1 * * 1 ♦ 


( $ ) 2 ♦ — (yb ♦ b) 

1 Ok *st 


C15) 

OS) 


and — 2h 4 b ............ (l?) 

The last inequality la baaed m the feet that the exaek-engle f> la wr« 
lees then 45* is omhined loading ease (fig. 64). 

Equations (H*l5) ean be aheefced with the degenerate ease when no 
torsion le present l.e. C 1 « 0 and for eo called "under reinforced!* sections 
in fissure. fqn. ( 15 ) gives the value of the depth of the stress block end 
Eqn. (14) giveathe ultimate flaxural oapscity. extracts of flenurcl theory 
for I.C.C. soetiona la given in Section 6.4.1. 
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6 .5.2*2. m&Ttmm m l«ssio»s imtsis for r.c.c. mms smrscr'in to 
comimz) wiswa * mm os mum mm z (ns. 4.5) * 

**» atreagth predicting formulae far thla node can 1 m derived 
eawetly in 'toe mm aeener and by eieilnr stepc, as for failure node f * 
incorporating parallel simplificatione, sad by interchanging toe fleece 
of b and h in toe foranl&e fear failure node 1 . 

the following final strength females, according failure node t 
are obtained « 

CT F #2 ♦ n^b (b - a - ^) (18) 

- f 6^ -i 

S(e* 2 ♦ **)*,- [o-. + v „(£ ’ ^ j * 09) 

" , <T m f m » « % , % -ri 

5. * ( __J 5 ■" ) * (2b + t) «... ... (20) 

2 ^et r et 

and Cg 6 2b ♦ b • (21) 

fben toe toeoxetieal ainlenn torque capacity of R.6.C. rectangular beans 
subjected to any ceabtnatiea cf leading ia given by either equations (14) 
or (18) * whichever gives lecacr capacity of toe section. 

It ia to be noted that foranlae for failure nodes 1 end 2 derived 
above* are based cm the assumption that both longitudinal and web steels 
In tbs tension sons yield, fhia condition Imposes several limitations 
on the amount and distribution of reinforcement, which nay be need. 

In toe first instant, toe amount of re inf ores cent must ba 
limited* so that the concrete in the conpreeeion gone will net amah 
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before the reinforcement fields* So Hie nariaw i a depth of the eonpreesion 
«on« t x 1t has to he established* Based oa expert seats eoadaoted in 
lassis^*^*^, it has heea found that mat satisfy the following 
relation t 

X, 6 [0*55 - ©,7 (I)*] . h # for 0 < X < 0*2 (22) 

fox e a st mb s solas of x^t there hee heea ao repost taws any 
reseeroher sad further stadf is seeded* 

bessig^*^ and hpnlin^^ attested to establish eapirieally 
the lisi hi of the ratio of transverse to longitudinal steel for which 
fielding of both steels could he guaranteed* fhef fixed the liadts, based 

i 

oa experiments, as follows * 
iron failure node 1 « 


0.5 


< 


Tfftin 1. 

o~ 9 f g i' ■» 





2h ♦ b 



^1*5 


(25) 


for failure node 2 1 

cr* f^ h 

0*5 ~ mJ&m- * S3 r - &. 1 *5 «••***•«• (24) 

O, *gj * 

Cl5) 

fron plastic theory for torsion due to Xadai v ** for plain concrete 
rectangular speoiaeasy no weh steel ia required if t 


f < 1 1| h^ (5h * h) «**«♦♦• (25) 


sod X ^ 0.2 

where t| * tensile strength of eonorete at ultiaata loading* 





3 


fis* Ultiaat* Fquilibrlus Method takes into consideration, five crack* 
control criterion, and based m experiments^*^ , the following condition 
wist be satisfied, by the chosen dimensions of the cross- section of 
Hie bows t 

f ^ O.Of 1^ b* h ....*.**.... (26) 

the liaita of ratio ee eited above between arena of longitudinal 
and web steela, hare been empirically fixed by leeslg and lyalin based 
on their rather eanll number of experiments* Jocording to then those 
Halts ensure the eaetlon to be wider reinforeed , so that reinforcement 
yields prior to emailing of concrete at failure* The failure, by observing 
these Unite, is delayed and given enough warning, which in desirable in 
designing eeetions aeeording to each delayed failures* Failure lode 1, 
taken piece in sections subjected to combined bending end torsion, in 
which bending is predominant sad this failure is not sadden, end design 
of sections is xoeoanended to be done, based on this node of failure • 
Failure Mode 2, is not well established analytically and, being * shear 
failure is sudden and destructive and so, it Should be avoided while 
designing 1*6*0 •sections* 

Fro* the observation* of fable Sea* (1 - 9)* it is elear that 
the upper Unit fined on the ratio between the areas of longltedinel 
cad web xeinforoeeenta, for the two nodes of failure, can be relaxed, 
end further experimentation it desired to arrive at a conclusive upper 


Unit* 



1*3.2 *5 ucttfJKfflB or m$m*$ xmoum * 

(i) tyalia reports list the analysis fire* food agreement with 

experimental data only la eases where at the tiaa of failure, 
both longitudinal sad wt relnfossements hare yielded* 

(11) ®h« restriction* imposed oa toe ratio between longitudinal and 

rot stool -areas, are required to to nodi fled sad relaxed, sad 
•o sore oxpozioeata aro needed, 

(ill) The failure aode 2 is yet to to verified with sore experimental 
failures la this sods. 

(to) lessig's analysis la limited to K * 0.2* 

(v) She enplrioal equation (22) la tased on ratter small number 

of teats oondueted ty Leesig, sad ate suggested th*fc there is 
aeed for farther sort is this aspoot of too problem. 

(▼1) lessig' 1 aetood is as analysis sppxoaeh and do sign aast ho carried 

ty aasanlag all dim ansi one and reinfoxoeaeate thea chesting the 
capacity, mad if aeoessary modifying the Motion sad repeating 
too proeoss. 

(oil) The analysis fails shea th» specimens are reinforced 
longitudinally only* 

(▼iii) la saao of speeiaeas over xeinfoxsed or in heaas ia which 

torsional sad transverse Shear loading la predominant, sad ia 
which a sudden failure Is expected, Leaaig’a analysis regains 
to te further elaborated, modified, and put to test with sore 
experimentation in this direction. 
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$*3*3 TALIBITT Of hESSIB*S ITLtXKffK KPIltSStimt BRTBCD t 

Various researchers have tested 1,0 *6* rectangular sections 

(•olid as will u hollow) under pus* torsion, torsion ooabined with 

tending* sad ooabined tending, torsion sad shear, the author has 

calculated ths theoretical ultimate tortus values of stout 100 R*G*C» 

rectangular specimens subjected to various combinations of loading* 

experimentally tested by fattdit^** 8 ^, Beeund^^ et* al. , leans 

and Sarkar^^, lyaiin^ 55 ^ sad Collins et* al.^ 8 ^. the ninianc 

theoretically oaleulated torque capacity according to tescig* a strength 

forwulaa liquations ( 14 ) or (18) whioh-eeer gives leaser value of f] 

ie compared with the actual experimental value reported ty the above- 

f 

cited reeeaxohers* The eoaperieon 0 f-2Si i s given in the Table Sos*( 1-9)* 

exp 

It is to be noted that all about 100 specimens sheeted is these tables 
are both longitudinally and transversely reinforced* 

6*3*3*i mmnoi orfsemss i 

The second sebum in (Table Sea* 1-?, 9) la (b x h) end gives 
the values of width vat overall dapth of the specimens respectively* 

The third solans la Table So* ,(9)t fourth eoluaa is fable Boa* 

(1 - 8) gives the experimental value f or % * | , a ratio between the 
failing torque mid the failing flexure moment, in ooabined loading, am 
reported in the experiments* The fifth column in Table Boo* (1-7, 9) 
gives the mode of failure (first or aeeond) by which Sea least tongue 
Capacity ef the specimen is obtained theoretically by beae4g»n strength 
formulae ^aqtstiem ( 14 ) or (1*)J * the third ooluaa in Table Bon* 

(l - 7) given the ratio between the transverse and longitudinal steel 
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calculated equations lea. (2?) or (24) whlehsver correspond a to the 

failure taode shown in the fifth column. The sixth column in Table Vos. 

T 

O * 7) Vivas the ratio --jSSlSISl&ISSL— # fh* seventh column gives da 

experimental 

parentage error is theoretical torque capacity, is relation to the 
corresponding actual torque capacity. The eight column givasthe seas 
percentage aster involved in theoretical torque capacity, fcr the whole 
acrica of the specimens tested hy oca researcher. Table Vos. (l - 9) 
hare been prepared hy subdividing the teat zeaults of eaoh researcher is 
the following sub-headings t 

(I) Fare torsion (Table See. 1*4) 

(II) Torsion combined with bending (Table Voa. 5-8) 

(iii)forei<n combined with heading and shear (Table Vo. 9) 

6.3.J.2 vsmmrm mm mm the takes * 

(s) Fare torsion (Solid and Hollow 1.6.0. rectangular Sections) « 

(i) The second node of failure ie found to give the sininm rhino 
of failing torque eapaoity, end ao invariably applicable in 
ease of pure torsion. 

(il) The theoretical torque capacity la generally on the unconservatir 
aide, sad thia average error ia about fflt. : 

(iii) The actual ratio between longitudinal and web steal provided 

in the teats, generally satisfies equation (24), although the 
upper licit ia not always satisfied. 

(Ir) *a the Uesig’s theory which ia the haaia for Bnaslas Coda 
overestimates the torsional cap salty of sposineno, under jnre 
torsion, n eapaoity reduction factor of 0.8 ia ssggeated. 



Barsek and Cowan* s theories which are t he kuit of 
*«w» «** Australia# Codes respectively ton shorn to he 
nonsense xwatlv* toy Iso (fig. 4.2). Has^ recowaends m 
expression for water reinforced tease 

~ r. » T .i z* 

® v 

iduere t 0 * ultiaate tvisting capacity of an equivalent flats concrete 
apeoimea Is pare torsion 

• a constant 

• 1*20* tossed on esperlnents conducted toy Isn^^ 

to* ,h*« "breadth and depth respectively of the oonorete ooze within 
veto stirrups. 

(to) Cootolned "bending end to re ion for B«€«C, rectangular (tooth 
solid and hollow) seotions » (fatole foe. 5 - 8). 

(l) for raises of 14 1, failure aode 1 la found to toe generally 
applicable . The error is found to toe about 8$ on the mm* 
oonaorwatiwe side, although for t « 1 there were tests is which 
the Lesaig's theory vas valid. 

(it) The astual ratio toetwees veto cad long 1 tad isal ateel provided 
is the test specimens t generally satisfies egaatloa (23) far 
14 1 * 

(ill) The theoretically calculated failing tores* aapasities arc 
found to toe, generally, os the oooeervative aid* ftor values 
of I £ 1 for hollow sections (Table So. 7)* 

(iv) frost f stole 8 gives toy Collins et. aS 9 ^ Ttodin»s theory ia 
found to give result# on the conservative alia. 



(o) Torsion conbined with bending ml shear t (fable Io. 9) 

(i) The theoretical walnes of fttt.Hi iff terqus, WMttinf to and* 
indicated la the fifth ©oluna of Title Io. % are found to b* 

Ttej close to the corresponding tent-mluas, la cans f ^ 0*2 
and >v < 4 Mi the error is cm the safe side. 901 C greater 

thm stove and less than 1 * 0 * and ^ > 4 tt« aalealstad walues 
ace on the unsafe side with an error of about 9S^ • HI these 
teems are reported to hare failed In node 1 * 

(it) The second failure node is found to he applicable for theoretical 
analysis ttien X > 0.2 and > > 4 end the theory giwes rabies 
on the maaafe tide by about 20* 

6 *3.3*5 swplifih> Lsssis’s rams® bqsilubism umsm * 

paw ed on the obeerrstlonu and aalsulations of Table 80 s* (t * 9) 
it is found that the depths of the eoaprossioa stress block *, 
in failure nodes t cad 2 respectively, calculated by equatlcns (t5) (19)# 

can be eppeoAuefced to 0 . 1 h 0 and 0 . 1 b without distuning hceciy'a analysis. 

With the shore slaplifioatioiB, tessig»s equations reduce to the 


following Amplified torus * 
failure lode 1 * 


* 


r 



Lb 



4 





(27) 


0*1 h„ 


****** 


J + 
% 


<!>* 


n~ t « » (ft ♦ b) 
^at f at 


• * * * 


( 28 ) 

(*») 

(38) 


6 2k 4 % 


# • 



Failure Mode 2 t 



k\j + <v 

Xjj • ♦ • « 



w 


.File, 




(n + *) ] 


( 35 ) 


«* e ** ®* fc (54 > 

The predicted failure tar^ie le then taken as 1*»e leaser of the two 
values, obtained one seek, fwn equation* (tf) or (51) • 

6 a desiss wmm 7oih.c.c. sfecbess souncfn) « earai® »u»x 8 § # 

BASED OH, tmm* S SIMPLIFIED SbfOUM EQPIUBftH» HM&tSXS * 

In thanlttoato load design nethode, that* are different 
philosophies la incorporating * 

(1) faetore of safety or overload factors or safety factors, 

(2) Strength and variatioa la ttomgVk das to tbs variation to 

material properties to the field, 

( 5 ) Serviceability 

( 4 ) Economy 

( 5 ) Dootility and warning before eotaai toilnrec* 

la the Itt* speeif iecti an e (toerinsn Sennrete tontitntn 
Building Code SSI 51® • *3) n capacity reduction fee tor #• In «sod tm 
variation to strength of members sad thsir mods of tollman, and overload 
factors for dssiga loads the vnlas of totoi is 1*5 tor dead load tod 1 *» 
for lira loads when effects of wind sad earthquakes can ba neglected* 
Tha valaa ef f i» taken ns 0*3 for ®*C. bessa to ?**• m 



mi to fail ia secondary compression foliar* sods, 0.85 for sheer m& 

%oa« (th* shear strength la conservatively takro «a the force at fh® first 
diagonal cracking of concrete with yielding of stirrups), 0*70 fas tist 
compression meahsrs aiaoe th«ir failure ia aaddaa and the strength depends 
upon the strength of ecneret®. 

Si Indian Standard Specifications (18456 • Iffig) the stress is 
stress block fear design purposes is assumed te he 80|t of the theoretical 
ultimate stress in heading (l^) to teles ears of the variation of concrete 
strength in the field. She value of !%• 0.8 x d$ « 4 °1. * 0*55 or 

w Oa IhmI 

where - cuke strength of eonerete. the overload factors are 1*5 for 

dead load and 2.2 for live load# for the ease shea, wind rod earthquake 
effects are magi sated. 

4 third approach of ultinsfee load design ia oallsft *!4att State 
Design** read in Russia rod reoonmnd by latefnational Gonaittee for 
concrete (OH, Paris). Here the characteristic strengths sre divided 
V safety factor Y B give design strengths (the veins of for 
concrete is shoot 1*5 - 1*8 sad for steel is shout 1.1 to 1Jt5 h s cen es 
of better quality control in steel) end the shsrasteristls car normative 
loads sre iasressed hy to give deslgs loadings ( is less for 
dead loads* shoot 1.1, sore for live loads Shoot 1*5 - 1*4 * and this 
coefficient includes ride of failure, quality of oonetreotion rod the 
reliability of assonptioss nad# in the oaleuUtiros), fhe totel factor 

of safety, X^ • X n * 

In addition to the cheeks for strength, adequate cheeks for 
cracking sod deflections at working load are also made in this method* 



¥!»•* three approaches to ultimate load design are inter* 
ehsngsahle. &w«T«r, th« third approaeh haaed on seai-probabilistio 
considerations wA divisions of safsty faetoza between vwi«» eons!* 
derations, sains to ha tha aoat logical. 

She design Method givm la tha aubsequent suh- section la 
honed on the Bus si an approaeh of Cslonlatad Malt States netted^*), 
fear converting the ultimate compressive strength of concrete, to its 
•orrespoadiiig strength at design level, the following relation is need « 

^h^desiga * ^*b\rttiaate * 

share 0*55 1* the load fee tor based on experiments. Per e oar or ting the 
yield strengths of reinf oro ament s, to their oorro spending design mines, 
the following relation 1© need i 

( cr^t a ' t )^ vk g Bi * °- 8 ( ^nt* ^yioM* 

where 0.8 le the conversion factor. for eenrerting the nltiaate 
external loading, to its corresponding design veins, the following 
relation 1# need * 

(«, T. « «) DltlmU - (*.*. » 

where \ say ha taken as 14 on an average. If the deed and 1dm 
load ere known, the nltiaate design loads sxs found hy multiplying wife 
the corresponding values of • 

Here-after, all walnea of streagths of eoawret* sad steal 
and tha axtamally applied loading, are Si ant to he the design valaen# 



M.i extracts from wmm urn msm for i.c.c. nmtkmhm 

BEAM SUBJECTED TO PORE fLOTRS * 


*w * singly reinforeed rectangular 14. 1 mm ift pis* 
flwaw, reinforeed with aild steel ten such that oonorete crushes 
ill 111* compression son# after the yielding of Bi tensile steel, 
gives sufficient vaninf Before failure sailed "secondary oppression 
failure" t IB* following expressions ftx* valid si ultimate t 
(1) Pres equilibrium using a rectangular stress block with a stress 
of 1^ 1» Dm Boss, depth of the stress block x is given If i 


x * 


111 °» 

H* 


**♦«*##♦***•*•* 


where F #1 * Amount of tessile steel 


(55*) 


<y • field stress of steel 
B » width of the oro# e-e«etlon. 

If B 0 is the effective depth, a dimensionless parameter ck can Be 

«•«»•* . n. *.r* «f tta »~t~i «i. m* b. m« 

ss where ^ i# taken 0.B5 f<«r y ^ SKI kgOen 2 , (MI 5«*65) 

(2) TSking aenert# about the tensile steel, the following is 
obtained t 




• (l • 0.5 ..a... (m) 


In s slapler for*, it ney Be vxitten a* * 
*UH. - \l 



**»• ( 35 %) la f«*f erred by practising engineer* because it is of the 
foaa used i a working sir* at e*thod and aay bs written la a fora given 
by laikev^^ as * 

* * \ % * # \ •***••♦»•*• ( 35 ®) 

sbata A « * 04 0 - 0*3 ^ ) (36) 

Alta (Ibis condition is required to be satisfied la order 

that tbs failure say be a secondary ooapre salon failure). 

The value of oC ^ for 1150 sat MZOO concrete is 0*55 * 

for other types of concrete, haikov^ 1 ^ aay be referred, She optima 
value of , to be asataed ia the initial stages of assign, is 
oC ■ 0.3 to 0*4 * bsssd oa experts a&te conducted ia Jtaseia^^. 

She equation ( 55 ®) 1 ® valid oaly if the tensile steel 
yields, to satisfy this criterion, the mount of stesl should be 
lees than 7 ^^ (bsl erased steel at ultimate) share 

'^•“4 ( V - n ? r > *« 1 

y u 

& » Ultisate erupting strain ia eosexete, 

£ - BM M-te » •‘" 1 

K n - Satie between area of the street bleak te aa equivalent 
rectangular stress block. 

The quantity within the braeket ia usually around 0.4 • 

la order to increase this amount, for tin same section, compression 

steel 7^ of yield stress CT g *• ®ddeg soak that t 

».i - - f .i» - M * *• | 




» 1 » 0 * 5 °^ 


m 


rnmM 

M 



C») 





(40) 


fsble Ho. (10) which has Bean taken from Bstkov^ 1 ^, give* the values 
of the coefficient* J^, -f" 0 tad Y 0 * ccsreepondiag to Ttfioat values 

Of oC . 


64.2 B«SiSl STOPS I0K A IBOPAlfWIXAB (SOLIB 01 HOUOl), 1 Jt X, 

SKCTIOH, B.C.C. BS4S3 SJSJICTOB «D OOSBIBKB BEBDIBS, fOlSICJl 

aid sasAB, ot mrnmm trnmm m idisiqs 01 bus torsios* 

STOPS i 

1 • Bov fixing up the Motion of ths Been, i.s. Breadth h and 
owerell depth h f h i* generally fixed froa the eonatxoetional and 
architectural point of view, eay, h nay he the width of the eolnon 
on which the Bean vests* So fix up h, it i* taken ns Ike nsaftnan 
of the following « 

(i) To prevent enseeeive oraek formation i 

t — 0*07 1^ h h • esne ne e%r# (24) 

hex# f - External twisting nonent nt design level 
^ . design eoapvesfltve strength of eooorete 

0 . 07 * enpivionl footer obtained ftaa experiments sendaeteA in Boasin^*^. 



SJBLI 10 



To 

0 ® 

0 

oC 



m 


2 

3 

4 

5 

6 

m 

KHH 

0*01 

10.00 

0.995 

0.010 

0.29 

2.01 

0.855 

0,248 

0.02 

7.12 

0.990 

0.020 

0.30 

1.98 

0.850 

0.255 

0.03 

542 

0.985 

0.030 

0.31 

1.95 

0.845 

0.262 

0.04 

5.05 

0.980 

0.039 

0.32 

1.93 

0440 

0.269 

0.05 

4.52 

0.975 

0.048 

« 

0.35 

1.90 

0.835 

0475 

0.06 

4.15 

0.970 

0.058 

0.34 

1.88 

0430 

0482 

0.0 ? 

5.85 

O.965 

0.065 

0.35 

1 .86 

0425 

0489 

0.08 

3 .61 

0.960 

0.077 

0,36 

144 

0420 

0495 

0.09 

541 

0.955 

0.085 

0.37 

1.83 

0415 

0.301 

0.10 

5.24 

0.950 

0.095 

0.38 

1.80 

0.810 

0.309 

0.11 

3.11 

0.945 

0.104 

0.39 

1.78 

0405 

0.314 

0.12 

2.98 

O.940 

0.115 

040 

1.77 

0.800 

0.520 

0.13 

2.88 

0.955 

0,121 

041 

1.75 

0.795 

0.326 

0.14 

2.77 

0.950 

0.130 

042 

1.74 

0.790 

O.332 

0.15 

2.68 

0.925 

0.139 

045 

1.72 

0.785 

0*357 

0.16 

2.61 

O.92O 

0.147 

0,44 

1.71 

0.730 

0.343 

0.1? 

2.55 

0.915 

0,155 

045 

149 

0.775 

0.549 

0.18 

2 47 

0.910 

0.164 

046 

1.68 

0.770 

0.354 

0.19 

241 

0.905 

0.172 

0.4? 

147 

0.765 

0.359 

0.20 

2.36 

0.900 

0.180 

048 

1.66 

0.760 

0.365 

0.21 

2.21 

0.895 

0.188 

0.49 

144 

0.755 

0.370 

0.22 

2.26 

0.890 

0.196 

0.50 

143 

0.750 

0.575 

0.23 

2.22 

0.835 

0,203 

O.51 

142 

0.745 

0.380 





1 

2 

3 

4 

5 

6 

T 

8 

0.24 

2.18 

0.880 

0.211 

0.52 

1.61 

0.740 

0.385 

0.25 

2.14 

0.875 

0.219 

0*53 

1 .60 

0.735 

0.390 

0*26 

2.10 

0.870 

0.226 

0.54 

1.59 

0.730 

0.39* 

0.27 

2.07 

0.885 

0.234 

0.55 

1.58 

0.725 

0400 


(it) rmm Jhr# flexural considerations i 


\ * T 0 ( • *•*** mhm so mm* (39) 

ft»» finding Y 0 * *•«*»* - O.JO to 0.35 

(ill) 

h ^ 2b (fro* l®f eronee . 55) 

*• ».i it calculated from t 

X 

P_. * Ti m rr‘ • * * * mm* mm 040.(3 ?) 

W ^0 0^0 

3* (i) first it it cheeked from the following relation, whether, any 

transverse staal la required or not « If the relation la satisfied, them 
no tmartm atael ia required « 

f ^ 0.t5 X* X 2 (5X • X) .... mm* mm eqn. (8$) 

where * die sign t entile resistance of concrete. 

(11) to fix up spacing u of the stirrups, the following condition oust 
he observed « 

n X * 2a .«•*. Pro* Seferenoe < 46 

this condition la based on the consideration that tpaeing 
between the stirrups cast he such at to enmre that at laaat one branch 
of a atimspo croaaea aaeh creak miming at 45* to the axis of the beam 
e» thevnifor* concrete cover, ic tssml. 



(Ill) to find the *r«* 0 * esoea-ceotloa of the stirrup the following 
relation la 1® to need i 


(T rt * **t * 

> T i *.i * 




1 1 © 1*5 


..... suae *s «<m#( 23 ) 


Kbainal longitudinal conpreaclanal «*•** ll ? Wf14 * 4 at th * *° p 
horiaontal face of tk« iMtiM foap binding the etiwapc. 

4. Checking the strength of the designed ccclloc, cg»ta»t Wtet* 
«m»C« 1 t (1) Hrci C t ic eelonlated ftw * 


C 


1 




ft l u-I 

0*1 *et 


( 2 h 4 h) 


I 




The calculated C, met *etiefy * 

C 1 ^ 2 h 4 h * • 


MM M «m*(l?) 


II c t does not satisfy the akoc* inequality* «»a eheeklng f« fai3»*» 
node 1 ic not scqnirod* 

(li) the depth of eoas*ec*lo* none *i *• e simulated tom 

_ . . ... oca* an apt* (28) 

^ » 0.1 h Q * * * **" ^ % ' 


^ , than oelonleted mat aatiafy i 

4 : ( 0»55 * ®»T 'fk) * 


sane ac eqn* (22) 


(itt) rtrn ti. •**«««> of *» «•*«■** •*•«<* u •*•*“*• * e “ iort 
mini* **• i. if «• *&"*»* 11 ** u * ri * t * 



e 


f( )4 


cr « , «i +0 ^- 


all 


*(fh + b) 


X 0,95 h. 


..... mm as e$a. (2f) 


5* Cheeking the dnalga strength gainst Failure Soda 2 « 

If "X •£- 1 « 2 ^ , the designed strength of section need not bo checked 
against the requirenaats of Failure lode 2. this inequality la based 
on experiments conducted by leseig^** 1 ^. It'X >*- 1 » ©hacking 

of the designed atreagth according to Failnre lode 2 ia ratal rod an 
glean bcHonr t 

(i) First C 2 ia ealealated front i 


C 2« 


• (2t» ♦ h) 

°st at 


aaata an atn*(33) 


C 2 . thus calculated, met aatiafy the following condition t 

Cg — 2b a h *••#.*♦,,,»*.»»*«*** asms an aqn* ( 34) 


If Cj does not aatiafy tha above inequality, cheeking of strength of 
tha aaetion according to Failura lode 2 ia not rtf nixed. If C 2 satiaflna 
the above condition, than ohaoking oi strength against Failure lode 2 
is oarried out as follows t 

(11) The depth, a^» of the aosspressioa sons is ealealated from tha 
following relation t 

% » 0.1b aana an eqn* (J2) 

m 

(ill) The strength of the aaetion ia sufficient, against f alias* nods 2, 
if tha following relation la satisfied * 



* *♦# * 


•• eqn.(5i) 


(!▼) finally, check again st ft* distribution of longitudinal 
«tk atsel, as required is the Mla» nod* 2 t it serried sat as 
folios* « 

0 ~" » * % 

0.5 4 = cr “ **5 ******* mm at sift# (14) 

6* Reinforced concrete beans subjected to o cabined lasting anst 
sissy# be checked for poo bending regardless of torsion, fho mm 
thing holds for shear. 

7 . fimhmnomt 

Bpto-date there hssbeen no experisBatatian reported for ¥ 
snd 1 stations of I.C.C. beans subjected to eosbined loading. Therefore, 
lm tha absence of any experimental data* tbs dssign of ¥ and £» sections 
subjected to cabined strssses can bs done exactly like that for m 
equivalent rectangular section by negl toting tha over hanging flanges. 

8. for jars torsion in S.C. stations* a capacity redaction factor 
of 0.8 is suggested* based on the observations of fable Ioa*(l <*■ $)* 

Row* a design problem on E.C.C. rectangular station subjected 
to combined loading, shall be solved in the next sub-section, so as to 
illustrate tha net of design steps cited above. 

6.5 ILLCSmTTTE 2S8HK mKPLK * 

In fief. 46 an sxaaple of analysis is given. Serein m 
exsaple is given in «hi«li the arose section is first fined vith respect 
to pare flexural considerations. 



ncttf* * 


&••*** a restaagnla* ft .0.0 .teas seetloasubjeeted to a design 
ton&ing nenent of 3820 kg. a., * design twisting nenent of «40 kg.a. and 
a design transverse shear fores of 2100 Kg. Ihe design resistances of 
•essrste and steel are as * 

*1 * 7 kg./on* 

• 100 kg./enP 

* 3 s00 W«» 2 

(j^ t » 2850 kg./en 2 

The width h of the section * 20 on., Is fixed free architectural 
considerations. 

3CUJTI0W i 

(1) h Is taken as maxima of the following » 

(1) To prevent enseneive creek foraation t 

T ^ 0.0? V* k 

« * 7/ o 3Tv? 




MM 

0.0? x 100 x 480 


7 / 30 an. 

(ii) fron pure flexural consideration t 
h m T ( r§- 

o 'o' ta^ * 

for finding T 0 » ****** ^optima * 

Pm Table *c.(t) , egainet the value of oU 0.3, the eorrespondlng 
value of -f 0 • 1 *9® 



* , 1,96 ( msssu. jk 

® tyo ' 20 x 100 * 


- * 7*5 «■». 


( 1 U) tm *WL» protlea E - | 


Mi- 

3820 


so for E ^ o. 2 t 


m 0.22 


h 6 2 b 
So h ^ 2 * 20 


^ 40 eat. 

So th# ainta-.B value of h « 31 <**•» with a malfora concrete cover *a* « 

3.3 0B8. 



Eon A a 
0 



# 


am... - 

20 x ( 27 . 5) 2 x 100 


• 0,233 

A q * 0.253 oorreaponda to • 0.850 

axd * 0.30 Vtm fahlt So. 10 

s® ^ 4 

or 


0.3 ^ 0.55 


{O.X.) 



* • 


0,85 * 27*5 X 5600 



» 4*55 H* an. 


Provide 2 tax* of ft an* disaster each a* longitudinal tension steel. 
Actual oross-seotionel axe* of longitudinal steal provided 

* 5*10 sq. «**• 

Provide 2 tax* of 12 ns. diaaater eaah, one in each comer of tie top 
fa** of width k, aa nominal reinfo rceasnt, for binding the stirrups, 

3, To check the requirement of transverse steal, if the following; 
relation la satisfied, no transverse steel is required, otherwiie, it 
i* required $ 

T < 0.15 d| * 2 (5* - h) 
or T< 0.15 * 7 * 400 x (53 - 20) = 
or 84000 30700 

So the relation la not satisfied, and therefore stirrups are required. 

(ii) to fixup the spaaing of the stirrups, tha following 
condition suet he satisfied t 
u 6 h - 2 a 
~ 20-7 
4 13 ana. 

Provide the spaaing* a, aa «* 8 aaa. a/a 

(ili) Area of eroas-aaetion, f § ^» 1 a found fwa * 




2050 x f . x 20 

» »» w 

5000 x 5.1 * 0 


1 * wj < i >* 


- 1.06 


2800 x f #t x 20 
or 3000 x 5*1 x 6 


1 ♦ 9 .1 x 049 


1.06 


O* f . 

°* St 2850 x 20 x 547 


m 0*51 sq. ex. 

Provide 8 ax* diameter stirrups § 8 cm. e/e. 

Actual cross-sectional ares of stirrups material provided is m 0*51 aq#ex. 

The section is fully designed, now, end it is to he cheeked for 
strength according to failure codes 1 sad 2. 

4. (i) Cj la calculated from 

* 


„ * 

« ex ^ 


(|)* 


20 . 

* CZ2 4 


* - 90.8 ♦ 


CTf « 

— LU . (a ♦ » 

u «t *st 


c <ig >* * «« 


8300 * 8300 


• - 904 ♦ 129 

• 38*2 ex. 


Also 


0 t £ 2 h 4* k 


or 30 *2 


62 which Is satisfied. 



(11) Hi# depth of the coapressio* sene X| 1* calculated fro® * 

*1 * \ 

• 0,1 * 27.5 

* 2,75 «*• 

(ill) Finally cheeking the strength of the designed section, 
accord ing to Failure Mode 1, hy the following relation t 


c 

II + 1 

h K 


4 


t.. e 2 . 

f s1 4 CI «t* u(sh ♦ bj 


X 0»95 *L 


First calculate the value of left hast site of this expression, 

• 840 

* 840 x 4*4$ x 100 kg, mu 


I * 1 

1 * K 


■Sfjr +4.54 


» 5410,00 kg, ca. 


Few, the value of right-hand site of the stove expression is calculated 1 


x 0.95 \ - 


°s F s1 * °st* a ^thVhJ 


5400 % 5,1 ♦ 2850 


*0.95 x 27,5 


18400 ♦ 5240 


21440 x 24.1 


• 545000 kg. on. 


x 24.1 


so 541000 ^ 545000 


So ths strength of the desigaet section is mffisiest asserting to 


Fsilure lode 1* 



5. ffhaoking the strength of th<* desi *at4 section, according to 
foliar* Sods f • 

to > - § 

„ ljU& O 

2100 x 20 

- 4 

so A > 1 - 2 ^ 

or 4 > i - la It? 

or o / i • 20 

or 4 > 0*65 


So, ?«U»r* Mod* 2 io possible If C 2 also satisfies the requirements 
of this ®ode. 

(ll) Cg io calculated from « 



• (5200)^ 

Also Cg ho* to satisfy t 

0 2 £ 2* ♦ % 

or 72 ^ 71 whioh io not satisfied so sfceeklsg of strength 
according to fsilare Mod* 2 is not required. 



the designed section i« alright •• regards the restrictions 
dns to combined loot lag* Also, ft* fe*** i* ft shear force of 2100 kg., 
it can bo seen oft checking that no transverse reinforeeawnt, other than 
already provided, fo required for tit* exclusive effect of shear force. 
*he designed eeetioB Is ahem iu (Fig. 6,5), 
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7*i twtmmkfmn foe udias mmm code of practice « 

Analysis acoording to failure nod* 1 is swat authentic, 
logical end rational nethod uptodate in predicting tbs strength of 
8*C.C. neuters sabj set«d to ©cabined losing. This failure sod* dive* 
enough warning before destruction, which is very mo) i desirable in say 
design procedure . Based on this node of failure, the Simplified 
tsssif * s Analysis has hssn given in the previous section, the proposed 
design procedure given In the sub-section ($4,2) art reoomonded 
to he incorporated In the eodc. 

Australian and Anerioaa sad Indian Codes cf practice are based 
on Covan* s elastic analysis of torsion. But it la established that 
concrete is elasto-plastie in behaviour and Lesaig's Analysis Shiah 
is bassd on ultiaaie loading* gives the true behaviour of 8*C«C« 
apecinens loaded uptc deatruotlon . The Busaisn Code is based on 
leases analysis and is nost rational upto-date . The Simplified 
Design Procedure proposed herein, is bass! on Bussian Coda of practice* 

74 B^COiaSKDATICHS KJR JCRTBE1 S WT * 

The following areas of study are yet to be further elaborated 
with nore experimentations * 

(i) Study of failure nodes under ooablned loading for ®.C*C, 
spec! sens (Reetaagular, ¥ and I* Sections), 

(11) Cases in which failure takes place before rsinfersesent 
yields i.e, primary compression failure casta, 

(ili) Continuous T, L, rectangular beam, grid floors, slabs, undsr 


ooablned loading. 



(tv) Sitter failures (sodas 2 and 3) which arc sadden cat 
destructive , 

(▼) B.C.C. apeelnsna «n der eoablned loading la Shiah K ^ 1 , 

(wt) Fixation of ratio between areas of longitudinal and web 

steals la 2.C.C. specimens subjected to combined loading* 
so that me failure say he a secondary eespreasioa failure, 

(▼It) fadin' a geaeralisatioa of hesslg'a Jaslysls, 

(▼ill) Buchanan's Bom-Linear theory of Ilaetieity fear plain 

concrete apeeinens, under para torsion, to ha aatasdad to 
B.C,C. specifiers under oeabined loading* 

7,5 cowjiaraioss * 

(I) The use of the plastic theory to predict the strength of 
plain prlsaatie specimens under pare tandem yields a 
safe and satisfactory correlation elth the axparlseatal 
evidence, 

(II) the plain aoacseta apaeinena under sura torsion fait «t 
the appearance of first creek, 

(ill) Buchanan's non-linear theory of elasticity far plain 

concrete speetnene subjected to pure torsion Is the sort 
elaborate analysis uptodate and very uaah prontsing* the 
torsional strength of a bean with longitudinal steal only 
should ha assumed to ha the sane as a bean witter* reinforcement, 
(tv) the strength of beeac reinforced longitudinally only and 
subjected to oonhlned bending and torsion depends on* tea 
strength of concrete in compression and tension combined 



with other stresses, exaek propagation, dowel fares© as & 
ItaMtloa of concrete m steel shear stresses and perhaps 
•ffgtegate interlock* She parties is sonevhat Italian to 
combined sheer end flexors is ite difficulties. there 
appear* to he little later action between heading and 
torsional assent for sash spools ess until either or both 
the bending aosent and torque exeeed §0 per sent ©f the 
strength of the speelaen la pore bending end pare torsion 
respectively* bsssig' s fltiaate Equilibrium Method is 
invalid for such betas, 

For beans reinforced with both longitudinal and web steel, 
end ©objected to pore torsion, tensile ©reek© appear on the 
fee© of the beano with an inclination to the twist-cads 
of the bees of approxiaately 45% when the twisting absent 
is approxiaately the teas as the ©rooking tongue of a si&dlar 
been of plain concrete • Oaee the member baa crooked, the 
behaviour beyond this stage depend© primarily on the eaount 
end. position of the reinforcement* Such beano meat likely fail 
by mode 2* leasig*a tfltisete Equilibrium Method ever- estimates 
the capacity of such beasts sad a capacity reduction fester 
of 0*8 ie suggested while using Leaaig's Analysis, in the 
absence of elaborate experimental data* 

Hsu* a Analysis for suoh beams gives nor© correct 
strength predie tions* beeeig* s Analysis for mode 2 in yet 
to bo modified end brought within conservative limits* 



(vl) lb* I.C.C. raotangnlar k easts subjected to oeablned tending and 
tovoioK, toaaig*e Analysis according to failure node 1 is 
invariably applicable whoa 1 ni transverse sheer force 
is negligible. For earn ihere E ^ 1, ihrtber esperinratatioa 
1* needed to arrive at & conservative aai rational analysis 
tmA also, the failure node la jot to to established fo* aueh 
oftooo. Ift tta absents of elaterate experirantatioa, f ant !», 
®«C*C* ooetioao o«ft to treated mi etnivalent to rectangular 
sections tjr Ignoring the overhanging flanges. 

(vii) For R.C.C. toattft (Root., f, 1) subjected to sonbined loading, 
the Rltirato tfoiilbnlua lotted tow toon found to tore glran 
conservative reaulte when K 1 and ohon shear foroo la not 
substantial. In tkla loading combination, first mode of failure 
invariable secure * 

(viii) An the fftllnro nods 1 lo ft secondary eoapresaion failure and 
It gives sufficient warning t afore destruction, the design 
of &.C.G. oootioaa subjected to eonbined loading 1* raeonnmdod 
to to oaxriod oat aooording to this failure node. 

(lx) The Simplified X.o»slg*o Analysis, anggootod ty mttom Is 
fairly convenient in using it in doaign offload. 

(x) Preliminary atudy of India** gonoralisetio* of Uaeig’n 
Analysis appears to to now olooo and conservative then 
oonparod wilb the fo* toot values available in the literature 


so far. 
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